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ABSTRACT 
The paleotropical woody bamboos (PWB) are members of Bambuseae 
(tropical woody bamboos) in subfamily Bambusoideae of the grass family 
(Poaceae).  Although the PWB are important in ecological and economic 
functions, the phylogenetic relationships of the PWB remain equivocal.  All four 
currently recognized subtribes of the PWB have never been completely 
examined for their evolutionary relationships and no morphological 
synapomorphy of the PWB has ever been revealed in previously published work.  
Six chloroplast sequences with coding (ndhF3’ and matK) and non-coding (rpl16 
intron, rps16 intron, trnD-trnT spacer, and trnT-trnL spacer) regions and three 
low-copy nuclear sequences (GPA1, Pabp1, and PvCel1) are analyzed to clarify 
the systematics and evolution of the PWB based on maximum parsimony, 
maximum likelihood and Bayesian inference.  Forty morphological and 
anatomical characters are analyzed and mapped on the respective plastid and 
nuclear consensus trees.  The objectives of this study are to: (1) test the 
monophyly of the PWB and all subtribes using chloroplast and low-copy nuclear 
sequences; (2) examine the phylogenetic relationships of all subtribes in the 
PWB clade based on molecular analyses; and (3) evaluate morphological 
evolution of the PWB. 
The PWB form a monophyletic group with six clades [Bambusinae, 
Madagascan Hickeliinae, Melocanninae, Racemobambosinae, CDMNPS 
(Cyrtochloa-Dinochloa-Mullerochloa-Neololeba-Parabambusa-Pinga-
Sphaerobambos) + Greslania, and Temburongia] and are sister to the 
xi 
 
Neotropical woody bamboo (NWB) clade based on plastid and nuclear markers.  
The relationships among subtribes of the PWB are different between two 
molecular topologies.  The plastid analysis supports the monophyly of 
Melocanninae and its position as sister to the remaining PWB.  Within PWB and 
exclusive of Melocanninae, Madagascan Hickeliinae form a monophyletic group 
sister to the rest of the PWB.  Non-Madagascan Nastus are clustered with 
Racemobambosinae to form a clade. The core Bambusinae basically consists of 
a polytomy and the CDMNPS + Greslania clade is removed from subtribe 
Bambusinae and resolved as sister to the Racemobambosinae.  In the nuclear 
analysis, the six lineages of the PWB from a polytomy, and six diverse genomic 
components are representative of Bambusoideae: one genome for the 
herbaceous bamboos (H), two genomes each for the temperate woody bamboos 
(genomes A and B) and the NWB (genomes C and D), and three genomes for 
the PWB (genomes C, D, and E).  However, some taxa of the PWB show 
variation of genomic components from one to three genomes. 
The incongruence between plastid and nuclear analyses is most strongly 
indicated at the tribal rank.  The chloroplast analysis strongly supports the 
tropical woody bamboos as sister to the herbaceous bamboos, forming a tropical 
bamboo clade, with this clade sister to the temperate woody bamboos, whereas 
the low-copy nuclear analysis strongly supports the woody bamboo clade 
(tropical + temperate woody bamboos) as sister to the herbaceous bamboos. 
Morphological investigation suggests that the presence of six stamens is a 
potential synapomorphy of the PWB.  Melocanninae exhibit a narrow and 
xii 
 
glabrous ovary with an elongated and hollow style.  The presence of extravaginal 
or infravaginal branching with a dipping nodal line is a unique character 
combination of Hickeliinae.  Climbing bamboos with a wrinkled and prominent 
girdle diagnose the CDMNPS clade.  Racemobambosinae + non-Madagascan 
Nastus possess a cap on the top of ovary apex with short style, whereas the 
Temburongia clade exhibits a blunt ovary apex without cap and moderate style 
length. 
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CHAPTER 1 
OVERVIEW 
 
ORGANIZATION OF THE THESIS 
 This dissertation is organized as follows.  The first chapter consists of the 
general introduction with a literature review, including a discussion of the 
taxonomic problems of bamboo classification, and a focus on the paleotropical 
woody bamboos (PWB).  Chapter 2 is entitled “Phylogeny and classification of 
the paleotropical woody bamboos (Poaceae: Bambusoideae: Bambuseae) based 
on six plastid markers”.  This research employed six chloroplast DNA markers 
including both coding and non-coding regions to study the phylogenetic 
relationships among the four subtribes of the PWB.  The manuscript will be 
submitted to the journal Molecular Phylogenetics and Evolution.  Chapter 3 is 
termed “Phylogeny and evolution of the paleotropical woody bamboos (Poaceae: 
Bambusoideae: Bambuseae) based on low-copy nuclear DNA sequences”.  This 
chapter covers a phylogenetic investigation of the PWB using sequences of three 
nuclear markers.  The manuscript will be submitted to Systematic Botany.  
Chapter 4 is a manuscript entitled “Evolutionary relationships and classification of 
paleotropical woody bamboos (Poaceae: Bambusoideae: Bambuseae) based on 
molecular and morphological characters” and will be submitted to Plant 
Systematics and Evolution.  The last chapter explains the general conclusions of 
this dissertation. 
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LITERATURE REVIEW 
 Not only have bamboos been used widely as food resources for humans 
and animals, especially in Asian countries, but they have also been used in 
construction, handicrafts, musical instruments, agricultural equipment, landscape 
gardening, papermaking, windbreaks, and as ornamental plants (McClure, 1966; 
Dransfield and Widjaja, 1995).  Furthermore, bamboos also provide ecological 
services involving forest dynamics, soil erosion control, carbon sequestration, 
nutrient cycling, etc. (White and Childers, 1945; Tripathi and Singh, 1995; Marod 
et al., 1999; Zhou et al., 2005; Takahashi et al., 2007; Larpkern et al., 2009, 
2011). 
 Bamboos belong to subfamily Bambusoideae of Poaceae (grass family) 
and encompass ca. 1,480 published species in 118 genera [Grass Phylogeny 
Working Group (GPWG), 2001; Bamboo Phylogeny Group (BPG), 2012; 
personal communication with Dr. Lynn Clark, Iowa State University].  They are 
distributed worldwide except for Europe and Antarctica (Table 1), and occur from 
sea level to highlands in tropical, subtropical, and temperate countries.  Bamboos 
are recognized as the only major lineage of grasses to diversify in the forest 
habitat (Dransfield and Widjaja, 1995; Judziewicz et al., 1999; GPWG, 2001; 
Judziewicz and Clark, 2007; BPG, 2012; GPWG II, 2012).  The strongly 
asymmetrically invaginated arm cells in the foliage mesophyll as seen in cross 
section are perceived to be a synapomorphic feature of bamboos (Zhang and 
Clark, 2000; BPG, 2012). 
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Table 1. Bamboo distribution based on the current tribal and subtribal 
classification (BPG, 2012) 
 
The first bamboo species was published in 1753 by Linnaeus, who named 
Arundo bambos as the earliest scientific name of bamboo, and this was changed 
to Bambusa bambos (L.) Voss in 1896, Soderstrom then (1985) explained and 
reinforced this as the valid name for this taxon.  The initial comprehensive work 
on bamboo classification was published by Munro (1868), in which he organized 
bamboos into three sections and five subsections using the number of stamens 
and lodicules, and fruit structure (Table 2).  Although other partial treatments of 
bamboos were published subsequently (e.g., Doell, 1880; Steudel, 1855; 
Grisebach, 1864; Bentham, 1883; Franchet, 1887; Gamble, 1896; Ridley, 1907; 
Camus, 1913; Ridley, 1925; Camus, 1935; Ruprecht, 1939), the next important 
bamboo treatment did not appear until almost a century later.  Holttum (1956) 
classified bamboos into four subtribes based on the number of stamens and 
ovary appendages (Table 2).  Soderstrom and Ellis (1987) used leaf anatomical 
characters to classify the bamboos, dividing them into two supertribes, 5 tribes, 
Classification Distribution 
Tribe I Arundinarieae northern temperate zone, some in Southeast Asia, Sri Lanka, 
South India, Madagascar, and Africa at higher elevations 
Tribe II Bambuseae  
1. Arthrostylidiinae Central and South America, the West Indies 
2. Chusqueinae Central and South America, the West Indies 
3. Guaduinae  Central and South America, the West Indies 
4. Bambusinae South and Southeast Asia, East Asia, Australia, and Africa 
5. Hickeliinae  Africa, Madagascar, Reunion Island, and Southeast Asia 
6. Melocanninae   Southeast Asia and East Asia 
7. Racemobambosinae South and Southeast Asia 
Tribe III Olyreae  
1. Buergersiochloinae  New Guinea 
2. Olyrinae  the New World, one species also in Africa and Madagascar 
3. Parianinae  South America except Pariana also found in Central America 
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and 9 subtribes (Table 2).  Recently, molecular methods have proven to be an 
effective technique for bamboo classification.  Nowadays, true bamboos 
(Bambusoideae) are classified into three tribes based on molecular and 
morphological characters including Arundinarieae (temperate woody bamboos), 
Bambuseae (tropical woody bamboos), and Olyreae (herbaceous bamboos) 
(Sungkaew et al., 2009; BPG, 2012; Kelchner et al., 2013).  There are two clades 
within the Bambuseae comprising paleotropical woody bamboos (PWB) and 
neotropical woody bamboos (NWB).  The NWB clade is divided into three 
subtribes: Arthrostylidiinae, Chusqueinae, and Guaduinae.  The PWB clade is 
currently composed of four subtribes: Bambusinae, Hickeliinae, Melocanninae, 
and Racemobambosinae.  The Olyreae contains three subtribes: 
Buergersiochloinae, Olyrinae, and Parianinae (Sungkaew et al., 2009; BPG, 
2012; Kelchner et al., 2013).  The classifications of Bambusoideae from the past 
to the present are shown in Table 2.   
Morphologically, the herbaceous bamboos can be distinguished from the 
woody bamboos because there are not or only weakly lignified culms, usually no 
culm leaves, and no outer ligules in the herbaceous bamboos, while these 
characteristics are found in the woody bamboos (BPG, 2012).  The presence of 
unisexual spikelets and seasonal flowering in the herbaceous bamboos is 
different from the presence of bisexual spikelets with monocarpic and gregarious 
flowering at long intervals that is an effective synapomorphy in the woody 
bamboos.  The olyroid silica body is discovered in the herbaceous bamboos
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Table 2. Comparison of historical classifications of Bambusoideae 
Bambusoideae Munro (1868) Holttum (1956) Soderstrom and 
Ellis (1987) 
Tzvelev (1989) Dransfield and 
Widjaja (1995) 
Ohrnberger (1999) GPWG (2001) BPG (2012) 
Characteristic 
classification 
systerms 
The number of 
stamens and 
lodicules, fruit 
structure  
The number of 
stamens, ovary 
appendage 
Leaf anatomical 
features  
Rhizomes, 
inflorescences, fruit 
structure  
Leaf anatomical 
features, 
inflorescences 
Rhizomes, 
inflorescences, 
ovary appendage  
Culm, spikelet, 
embryogeny, fruit 
and embryo, 
seedling, vegetative 
anatomy, 
chromosome 
number, and 
molecular 
characters  
Rhizomes, 
chromosome 
number, molecular 
analyses  
Bamboo 
classification 
3 sections,  
5 subsections 
4 subtribes 2 supertribes,  
5 tribes, 9 subtribes 
14 tribes 1 tribe of woody 
bamboos 
(Bambuseae) and 9 
subtribes 
1 tribe of woody 
bamboos 
(Bambuseae) and  
5 tribes of 
herbaceous 
bamboos 
2 tribes 3 tribes, 10 
subtribes 
I. Woody bamboos   Supertribe I 
Bambusodae (1 
tribe: Bambuseae; 
9 subtribes) 
  Tribe I Bambuseae 
(10 subtribes) 
Tribe I Bambuseae  
I.I Temperate woody bamboos        
 Section I 
Arundinariae/ 
Triglossae  
- subsection I 
Arundinariae  
(3 genera) 
Subtribe I 
Arundinarieae  
(3 genera) 
1. Arundinariinae 
(12 genera) 
2. Shibataeinae  
(7 genera) 
1. Arundinarieae 
(272 spp. 21 
genera); comprising 
3 subtribes: 
- Thamnocalaminae 
- Pleioblastinae 
- Sasinae 
2. Shibataeeae  
(129 spp. 10 
genera) 
1. Arundinariinae  
(14 genera) 
2. Shibateinae  
(5 genera) 
1. Arundinariinae  
(249 spp. 16 
genera) 
2. Shibataeinae  
(182 spp. 8 genera) 
3. 
Thamnocalaminae 
(226 spp. 8 genera) 
 Tribe I 
Arundinarieae 
(533 spp. 28 
genera) 
I.II Tropical woody bamboos        
- Neotropical woody bamboos        
 - subsection II 
Arthrostylidiae  
(3 genera) 
- subsection III 
Chusqueae  
(2 genera) 
Recognized in 
Subtribe I 
Arundinarieae 
3. Arthrostylidiinae 
(11 genera) 
4. Chusqueinae  
(1 genus) 
5. Guaduinae  
(5 genera) 
6. Neurolepidinae 
(1 genus) 
Recognized in tribe 
3 Bambuseae 
3. Arthrostylidiinae  
(13 genera) 
4. Chusqueinae  
(2 genera) 
5. Guaduinae  
(5 genera) 
4. Arthrostylidiinae 
(146 spp. 13 
genera) 
5. Chusqueinae  
(156 spp. 2 genera) 
6. Guaduinae  
(40 spp. 5genera) 
 Tribe II 
Bambuseae (7 
subtribes):  
1. Arthrostylidiinae 
(172 spp. 14 
genera) 
2. Chusqueinae  
(160 spp. 1 genus) 
3. Guaduinae  
(45 spp. 5 genera) 
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Table 2. (continued) 
Bambusoideae Munro (1868) Holttum (1956) Soderstrom and 
Ellis (1987) 
Tzvelev (1989) Dransfield and 
Widjaja (1995) 
Ohrnberger (1999) GPWG (2001) BPG (2012) 
- Paleotropical woody bamboos        
 Section II 
Bambuseae  
(5 genera) 
Section III 
Bacciferae (berry-
bearing bamboos) 
- subsection I 
Schizostachyoidea 
(4 genera) 
- subsection II 
Bambusoideae  
(4 genera) 
Subtribe II 
Eubambuseae  
(6 genera) 
Subtribe III 
Dendrocalameae 
(5 genera) 
Subtribe IV 
Melocanneae  
(4 genera) 
7. Bambusinae  
(6 genera) 
8. Nastinae  
(4 genera) 
9. 
Schizostachydinae 
(7 genera) 
3. Bambuseae  
(464 spp. 38 
genera) 
4. Dendrocalameae 
(57 spp. 5 genera) 
5. Melocanneae 
(Bacciferae) (72 
spp. 8 genera) 
6. Oxytenanthereae  
(2 species, 1 
genus) 
6. Bambusinae  
(10-13 genera) 
7. Melocanninae 
(=Schizostachydinae) 
(8 genera) 
8. Nastinae (6 
genera) 
9. 
Racemobambosinae 
(3 genera) 
7. Bambusinae  
(297 spp. 17 
genera) 
8. Hickeliinae 
(=Nastinae) (37 spp. 
7 genera) 
9. Melocanninae  
(87 spp. 9 genera) 
10. 
Racemobambosinae 
(27 spp. 3 genera) 
 1. Bambusinae  
(264 spp. 28 
genera) 
2. Hickeliinae  
(33 spp. 8 genera) 
3. Melocanninae   
(88 spp. 10 genera) 
4. 
Racemobambosinae 
(22 spp. 1 genus) 
III. Herbaceous bamboos  Supertribe II 
Olyrodae (4 tribes) 
   Tribe II Olyreae  
 Not recognized Not recognized I Anomochloeae 
II 
Buergersiochloeae 
III Olyreae 
IV Streptochaeteae 
7. 
Buergersiochloeae 
(2 spp. 1 genus) 
8. Olyreae (74 spp. 
16 genera) 
9. Parianeae (37 
spp. 2 genera) 
10. Anamochloeae  
(1 species 1 genus) 
11. Atractocarpeae  
(5 spp. 2 genera) 
12. Leptaspideae  
(14 spp. 2 genera) 
13. 
Streptochaetaeae 
(3 spp. 1 genus) 
14. Streptogyneae  
(2 spp. 1 genus) 
Not mentioned Tribe II 
Buergersiochloeae  
(1 sp. 1 genus) 
Tribe III 
Guduelleae (6 spp. 
1 genus) 
Tribe IV Olyreae 
(76 spp. 18 genera) 
Tribe V Parianeae  
(40 spp. 2 genera) 
Tribe VI Puelieae  
(5 spp. 1 genus) 
 Tribe III Olyreae (3 
subtribes): 
1. 
Buergersiochloinae 
(1 sp. 1 genus) 
2. Olyrinae (85 spp. 
18 genera) 
3. Parianinae (36 
spp. 2 genera) 
 
Total 120 spp. 21 
genera 
18 genera 270 spp. 110 
genera 
1,136 spp. 111 
genera 
66-69 (woody 
bamboo) genera 
1,575 species 111 
genera 
1,200 spp. 1,439 spp. 116 
genera 
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(except for Buergersiochloa), but it is not observed in the woody bamboos.  
Moreover, Olyreae are basically diploid, whereas woody bamboos are polyploid 
(Table 3).  Additionally, the tropical woody bamboos are separated from the 
temperate woody bamboos using rhizome type and branch development as 
shown in Table 3 (Zhang and Clark, 2000; Judziewicz and Clark, 2007; BPG, 
2012).  
 
Table 3. Comparison of the three tribes of Bambusoideae 
Characters 
 
Olyreae 
(Herbaceous 
bamboos) 
Bambuseae 
(Tropical woody 
bamboos) 
Arundinarieae 
(Temperate woody 
bamboos) 
Rhizome type Sympodial, pachymorph 
(except some species in 
Parianinae have 
leptomorph rhizomes) 
Sympodial, pachymorph 
(except some Chusquea 
have both leptomorph 
and pachymorph type) 
Monopodial, leptomorph 
(except several genera 
are sympodial, 
pachymorph) 
Strongly lignified 
culm 
No Yes Yes 
Aerial branching Simple Complex Complex 
Branch development - Acropetal or 
bidirectional 
Basipetal 
Culm leaf presence Absent Present Present 
Outer ligule presence Absent Present Present 
Spikelet sexuality Unisexual Bisexual Bisexual 
Flowering Seasonal Monocarpic & 
gregarious 
Monocarpic & 
gregarious 
Olyroid silica body Yes No No 
Chromosome number Diploids Tetraploids, hexaploids Tetraploids 
 
 Bambusoideae is defined as a monophyletic group and sister to Pooideae 
in the BEP (Bambusoidae, Ehrhartoideae, and Pooideae) clade (GPWG, 2001; 
Clark et al., 2007; Sungkaew et al., 2009; Bouchenak-Khelladi et al., 2010; 
Triplett and Clark, 2010; Zhang et al., 2011; BPG, 2012; Wu and Ge, 2012).  
Within the Bambusoideae, each tribe is also supported as a monophyletic group 
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with high confidence (Sungkaew et. al., 2009; Bouchenak-Khelladi et al., 2010; 
Triplett and Clark, 2010; Kelchner et al., 2013), but the relationships of three 
tribes have not been clarified (Fig. 1).  Zhang and Clark (2000) reported based 
on ndhF sequences and anatomical charaacters that the tropical woody 
bamboos and temperate woody bamboos are sister and form a woody bamboo 
clade.  The woody bamboo clade, moreover, is sister to the herbaceous bamboo 
clade.  Conversely, recent investigations using more plastid DNA regions showed 
that the tropical woody bamboos are more closely related to the herbaceous 
bamboos than to the temperate woody bamboos and form a tropical bamboo 
clade (Sungkaew et al., 2009; Bouchenak-Khelladi et al., 2010; Triplett and 
Clark, 2010; Kelchner et al., 2013).  However, the monophyly of woody bamboos 
could not be rejected based on hypothesis testing from Kelchner et al. (2013).  
 
        
           
           
        
     
 
Figure 1. Relationships of major lineages of the true bamboos (Bambusoideae) 
and allies 
  
Additionally, phylogenetic classification within tribe Bambuseae has not 
been explicit because there is no morphological synapomorphy to diagnose the 
Tropical 
bamboos 
Tropical woody bamboos 
(Bambuseae) 
Temperate woody bamboos (Arundinarieae) 
 
Pooideae 
 
Ehrhartoideae 
 
Herbaceous bamboos (Olyreae) 
PWB 
NWB 
Bambusoideae 
 
? 
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PWB and NWB clades (BPG, 2012), which have been resolved as sister clades 
(Zhang and Clark, 2000; Sungkaew et al., 2009; Kelchner et al., 2013).  
Evolutionary relationships within the PWB clade, containing over 70% of 
published genera of Bambuseae, continue to be studied using chloroplast and 
nuclear DNA sequences to interpret the phylogeny among the four subtribes of 
this clade.  Prior analyses suggested that the subtribe Melocanninae is 
monophyletic and sister to the rest of this clade (Watanabe et al., 1994; 
Sungkaew et al., 2009; Kelchner et al., 2013).  The Madagascan Hickeliinae are 
supported as a monophyletic group (Clark et al., 2007), but its relationships to 
the rest of the PWB are poorly understood.  Members of Bambusinae are 
separated into four major groups: core Bambusinae [Bambusa, Dendrocalamus, 
and Gigantochloa (BDG) complex], Holttumochloa + Kinabaluchloa, DMNS 
(Dinochloa-Mullerochloa-Neololeba-Sphaerobambos) clade, and Temburongia 
simplex (Goh et al., 2010, 2013).  Yang et al. (2008, 2010) present evidence for 
the monophyly of Bambusa, but Goh et al. (2013) suggest a complicated history 
involving reticulation for the BDG complex.  Racemobambosinae is resolved as 
sister to the DMSN clade with low support (Goh et al., 2013).  BPG (2012), 
moreover, reported the morphological synapomorphies of each subtribe in the 
PWB clade: the unique character to define subtribe Hickeliinae is the presence of 
an adaxially projecting midrib, whereas the characteristic of subtribe 
Melocanninae is a glabrous ovary with elongated, slender, and hollow style; but 
no synapomorphies for Bambusinae and Racemobambosinae have been 
proposed. 
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Although bamboo taxonomic investigations have been pursued for more 
than 200 years, the relationships of bamboos in tribe Bambuseae have hitherto 
remained concealed particularly within the PWB, due to their complexity of form, 
polyploidy and unusual flowering behavior.  This clade has never been rigorously 
investigated with respect to the relationships of the four currently recognized 
subtribes, even though they are widely dispersed in tropical forests in Africa, 
Asia, Madagascar and the Pacific Islands.  Additionally, previous studies have 
not provided enough information to elucidate the phylogenetic relationships 
among the subtribes within the PWB with high support.  This dissertation is 
focused on the phylogenetic relationships of the PWB clade. 
 
RESEARCH OBJECTIVES 
The objectives of this dissertation are to (1) investigate phylogenetic 
relationships within the PWB clade based on sequence data from six chloroplast 
DNA regions, (2) examine the phylogeny of the PWB using low-copy nuclear 
DNA sequences, and (3) study evolutionary relationships and classification of the 
PWB based on molecular and morphological characters. 
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ABSTRACT 
 The paleotropical woody bamboos (PWB) form a major clade of 
Bambuseae, and consist of four currently recognized subtribes: Bambusinae, 
Hickeliinae, Melocanninae, and Racemobambosinae.  The phylogenetic 
relationships of the four subtribes have never been fully investigated and 
remained to be resolved.  Sixty-five sampled PWB and 14 sampled allies, 
including outgroups, are examined to test the monophyly of the PWB and to 
reconstruct the phylogenetic framework of the PWB using six chloroplast markers 
including coding (ndhF3’ and matK) and non-coding (rpl16, rps16, trnD-trnT, and 
trnT-trnL) regions.  The phylogenetic analyses reveal that the PWB form a 
monophyletic group and consist of six clades: Bambusinae, Melocanninae, 
Madagascan Hickeliinae, Racemobambosinae + non-Madagascan Nastus, 
CDMNPS (Cyrtochloa-Dinochloa-Mullerochloa-Neololeba-Parabambusa-Pinga-
Sphaerobambos) + Greslania clade, and Temburongia simplex + Fimbribambusa 
horsfieldii.  Melocanninae is confirmed as sister to the rest of the PWB and 
Madagascan Hickeliinae is the next diverging clade and sister to the remaining 
PWB.  Bambusinae is polyphyletic and the CDMNPS + Greslania clade is sister 
to the Racemobambosinae + non-Madagascan Nastus clade. 
 
KEYWORDS: Bambuseae, paleotropical woody bamboos, chloroplast markers, 
phylogeny 
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INTRODUCTION 
 The true bamboos (Poaceae: Bambusoideae), one of 12 subfamilies of 
grasses, encompass nearly 1500 species worldwide and represent the single 
major grass lineage to diversify in association with forest habitats [Clark, 1997; 
Grass Phylogeny Working Group (GPWG), 2001; GPWG II, 2012; Bamboo 
Phylogeny Group (BPG), 2012].  Bamboos can grow from lowlands up to over 
4000 m in elevation in tropical, subtropical, and temperate areas (Soderstrom 
and Calderón, 1974; Dransfield and Widjaja, 1995; Judziewicz et al., 1999; 
Judziewicz and Clark, 2007).  The Bambusoideae are defined by the 
synapomorphy of strongly asymmetrically invaginated arm cells in the leaf 
mesophyll as seen in transverse section (Zhang and Clark, 2000; GPWG, 2001).  
Recent phylogenetic analyses have revealed three major lineages of bamboos 
based on molecular and morphological data as shown in Figure 1 (Kelchner and 
Clark, 1997; Zhang and Clark, 2000; Clark et al., 2007; Bouchenak-Khelladi et 
al., 2008; Sungkaew et al., 2009; Triplett and Clark, 2010).  The true bamboos, 
therefore, can be categorized into three groups formally recognized as tribes: 
temperate woody bamboos (Arundinarieae) with 533 species in 28 genera, 
tropical woody bamboos (Bambuseae) with 784 species in 66 genera, and 
herbaceous bamboos (Olyreae) with 122 species in 21 genera (BPG, 2012). 
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                     Paleotropical woody bamboos 
 
          Neotropical woody bamboos 
 
          Herbaceous bamboos (Olyreae) 
 
          Temperate woody bamboos (Arundinarieae) 
 
 
Figure 1. Relationships of major lineages of the true bamboos (Bambusoideae) 
 
 Both temperate and tropical woody bamboos can be characterized by the 
presence of lignified culms, complex aerial branching, well differentiated culm 
leaves, an outer ligule on the foliage leaves, bisexual flowers, and monocarpic 
and gregarious flowering, with blooming intervals of usually 20 to 120 years 
(Janzen, 1976; Dransfield and Widjaja, 1995; BPG, 2012).  Herbaceous 
bamboos, in contrast, exhibit usually seasonal blooming, have simple or no aerial 
branching and unisexual spikelets, and they lack culm leaves and outer ligules 
(Judziewicz et al., 1999; GPWG, 2001; Judziewicz and Clark, 2007; BPG, 2012).  
Moreover, many herbaceous bamboos are diploids, while virtually all woody 
bamboos are polyploid (Calderón and Soderstrom, 1973; Soderstrom, 1981; 
Hunziker et al., 1982; Judziewicz et al., 1999; Li et al., 2001). 
 However, the branch development of Bambuseae is acropetal (or 
bidirectional) whereas it is basipetal in Arundinarieae (BPG, 2012).  Sympodial 
and pachymorph rhizomes, except for one group of species within Chusquea, 
and tetraploidy or hexaploidy with base chromosome numbers of x = 10, (11), 
and 12 are characteristic of the tropical woody bamboos, while usually 
leptomorph rhizomes and tetraploidy with a base chromosome number of x = 12 
characterize the temperate woody bamboos (Holttum, 1956; Soderstrom, 1981; 
Tropical 
bamboos 
Tropical woody 
bamboos 
(Bambuseae) 
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Dransfield and Widjaja, 1995; Wong, 2004; Judziewicz and Clark, 2007; BPG, 
2012).  Additionally, the tropical woody bamboos can be divided into two 
subgroups, the paleotropical and neotropical woody bamboos, based on 
geography (Sungkaew et al., 2009; BPG, 2012). 
 The paleotropical woody bamboos (PWB) consist of approximately 407 
species belonging to 47 genera, half of the total genera of the woody bamboos 
(Ohrnberger, 1999; BPG, 2012).  Members of this group are distributed in Asia 
(including India and Sri Lanka), Africa, Australia, and Madagascar (Figure 2).  
They grow in a range of habitats in both lowlands and highlands (Soderstrom and 
Calderón, 1979; Dransfield and Widjaja, 1995; Sungkaew et al., 2009), but some 
species are specialized for inhabiting swamps, mountain peaks or limestone hills 
(Wong, 2004).  Although a morphological synapomorphy for the PWB has not yet 
been recognized, hexaploidy is a potentially diagnostic feature of this bamboo 
clade (Soderstrom, 1981; Li, 1998; Li et al., 2001; BPG, 2012).  The PWB clade 
is currently classified into four subtribes: Bambusinae (28 genera; 264 spp.), 
Melocanninae (10 genera; 88 spp.), Hickeliinae (8 genera; 33 spp.), and 
Racemobambosinae (1 genus; 22 spp.) (Soderstrom and Ellis, 1987; Dransfield 
and Widjaja, 1995; Ohrnberger, 1999; BPG, 2012).  Morphological 
synapomorphies have not been identified for subtribes Bambusinae and 
Racemobambosinae (BPG, 2012).  Apparently unique characters of 
Melocanninae are glabrous ovary with a long, slender, and hollow style and leaf 
blades with an S-shaped keel (Soderstrom and Ellis, 1987; BPG, 2012).  Leaf 
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blades with a complex, adaxially projecting midrib are a putative synapomorphy 
of Hickeliinae (Soderstrom and Ellis, 1987; BPG, 2012). 
 
 
Figure 2. Distribution of paleotropical woody bamboos 
 
 The PWB play crucial roles in economy and ecology.  Not only do these 
bamboos provide a food resource for humans and other animals, but they also 
have a long history of multiple uses for construction material, fiber, utensils, 
musical instruments, agricultural tools, furniture, and ornamental plants 
(Bahadur, 1979; Wong, 1989, 2004; Dransfield and Widjaja, 1995; Yang et al., 
2004).   Bamboo components including young shoots, leaves, flowers, fruits, and 
seeds are edible and provide nourishment to human and many animals such as 
monkeys, elephants, rats, fowls,  birds, polyplectrons, pheasants, African weaver 
finches, bison, deer, pigs, etc (Janzen, 1976).  Especially seeds are nutritious 
and lack defensive toxins (Janzen, 1976; Franklin, 2005).  After a gregarious 
flowering event and fruiting, plentiful bamboo seeds can strongly influence the 
growth rate of rodents, which can invade rice fields and cause severe loss of 
agricultural crops.  This phenomenon is a disaster to agricultural products in 
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many countries in Asia, Africa, Australia, New Zealand (Dransfield and Widjaja, 
1995; John and Nadgauda, 2002; Jeeva et al., 2009; Singleton et al., 2010, 
2011).  Besides rodent outbreaks as a potential impact on malnutrition, they also 
may cause transmission of diseases such as cholera, diarrhea, dysentery, and 
hemorrhagic fever (Ahaduzzaman and Sarker, 2010; Aplin and Lalsiamliana, 
2010; Ambu, 2014).  Although the PWB are members of the grass family, they 
are ecologically dominant in a tree-like function, and provide habitat for animals 
and fungi in the forests (Dransfield and Widjaja, 1995). Moreover, they affect 
ecosystem dynamics such as nutrient uptake and release, soil erosion control, 
wildfire adaptation, regrowth control of other plants, etc. (Bystriakova and Kapos, 
2006). 
 Molecular markers have been employed to resolve evolutionary 
relationships among members of the PWB clade in recent phylogenetic analyses 
(Yang et al., 2008; Sungkaew et al., 2009; Goh et al., 2010, 2013; Yang et al., 
2010; Kelchner et al., 2013).  All sampled species of PWB in these studies 
formed a monophyletic lineage with high support values based on chloroplast 
DNA (cpDNA) regions, and Melocanninae were robustly supported as sister to 
the remainder of the PWB (Sungkaew et al., 2009; Kelchner et al., 2013).  
Members of Madagascan Hickeliinae also formed a clade using cpDNA and 
some morphological characters (Clark et al., 2007).  Subtribe Bambusinae is not 
monophyletic because Vietnamosasa ciliata, a member of Racemobambosinae, 
nested in this subtribe (Sungkaew et al., 2009).  Although Vietnamosasa ciliata is 
transferred to subtribe Bambusinae at the current BPG classification (2012), the 
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circumscription of this subtribe has been not clarified (Yang et al., 2008; Goh et 
al., 2013). 
 Within Bambusinae, the three major genera (Bambusa, Dendrocalamus, 
and Gigantochloa) formed a clade known as the BDG complex (Goh et al., 2010; 
2013).  The species of Bambusa, however, were supported as a monophyletic 
group and sister to the Dendrocalamus + Gigantochloa in the analyses of Yang 
et al. (2008, 2010), but without strong support.  Moreover, the Dinochloa (or 
DMNS) clade was sister to all core genera of Bambusinae (Yang et al., 2008; 
Goh, 2010). 
 Nevertheless, the four subtribes of the PWB clade have never been fully 
examined to test their monophyly or to reconstruct their evolutionary relationships 
(Yang et al., 2008; Sungkaew et al., 2009; Goh et al., 2010; Yang et al., 2010).  
Therefore, phylogenetic relationships within this clade remain equivocal.  The 
cpDNA has been widely used to resolve phylogenetic relationships within many 
plant groups (Oxelman et al., 1997; Shaw et al., 2005, 2007), especially 
bamboos (Clark et al., 1995; Hilu et al., 1999; Zhang, 2000; Yang et al., 2008; 
Fisher et al., 2009; Sungkaew et al., 2009; Hodkinson et al., 2010; Triplett and 
Clark, 2010; Goh et al., 2010, 2013; Yang et al., 2010; Zeng et al., 2010; 
Kelchner et al., 2013), because of its simple genetics, high copy within typical 
genomic DNA, structural stability, and uniparental inheritance (Small et al., 2004; 
Soltis et al., 2004). 
 In this study, we investigated the relationships of all subtribes of the PWB 
clade using six chloroplast DNA regions to (1) test monophyly of the PWB when 
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all four subtribes are sampled; (2) test the monophyly of each of the four 
subtribes; (3) reconstruct a phylogenetic framework of all subtribes in this clade; 
and (4) study biogeographic relationships and distribution among these bamboos 
based on the phylogenetic framework.  These results will form the basis for a 
better understanding of evolution and biogeography within the PWB clade, as 
well as the foundation for a more refined subtribal classification. 
 
MATERIALS AND METHODS 
Plant materials 
 A total of 79 taxa are representative of bamboos in this study (Table 1), 
including 65 species of PWB, six species of neotropical woody bamboos (NWB), 
six species of herbaceous bamboos, and two species of temperate woody 
bamboos.  Sampling within the PWB is designed to represent all four subtribes 
and as many genera within each as possible, according to the BPG (2012); the 
minimum sampling is two species in Racemobambosinae.  Brachyelytrum 
erectum (Schreb.) P. Beauv. is designated as the outgroup because the 
Pooideae is sister to Bambusoideae and this species is the earliest-diverging 
lineage within Pooideae (Bouchenak-Khelladi et al., 2008; GPWP II, 2012).
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Table 1. List of bamboo taxa, voucher specimens, sources, and GenBank accession numbers for six chloroplast DNA 
regions: type species for a genus in boldface, * = monotypic genus. 
 
Taxa Voucher No. Source GenBank accession numbers 
   matK ndhF3' rpl16 rps16 trnD-trnT trnT-trnL 
1. Subtribe Bambusinae          
Bambusa bambos (L.) Voss BI 1 Indonesia EU434243   EU434179 GU390939  
Bambusa dissimulator McClure LC 1181 Brazil 
(cult.)  
 BPG BPG BPG 
 
Bambusa multiplex (Lour.) Raeusch. 
ex Schult. & Schult. f.  
BI 18 Indonesia EF125166 
   
GU390945 
 
Bambusa oldhamii Munro M 048 Thailand EU434246   EU434182   
Bambusa tulda Roxb. M 021 Thailand EU434248   EU434184   
Bambusa vulgaris Schrad. ex J.C. 
Wendl. 
JGSK 666 Panama 
(cult.) 
 
FJ643709 AY912192 FJ644100 / 
BPG 
FJ643982 FJ644133 
Cyrtochloa luzonica (Gamble) S. 
Dransf. 
SD 1323 Philippines 
- 
KC020497 KC020515 KC020579 KC020533 KC020551 
Dendrocalamus asper (Schult. & 
Schult. f.) Backer ex K. Heyne 
M 093 Thailand EU434249   EU434185   
Dendrocalamus latiflorus Munro M 002 Thailand EU434251   EU434187   
Dendrocalamus membranaceus 
Munro 
M 019 Thailand EU434252      
Dendrocalamus strictus (Roxb.) 
Nees 
LC 1180 Brazil 
(cult.) 
EU434254  BPG EU434190 GU390950  
Dinochloa malayana S. Dransf. UM 
Bambusetum 
Acc.59 
Malaysia EU434259   EU434195 GU390951  
Dinochloa matmat S. Dransf. EAW 9016 Indonesia       
Dinochloa scandens (Blume) 
Kuntze 
BI 2 Indonesia 
 
     
Fimbribambusa horsfieldii (Munro) 
Widjaja 
EAW 9018 Indonesia 
 
     
Gigantochloa albociliata (Munro) Kurz M 054 Thailand       
Gigantochloa apus (Schult. & Schult. 
f.) Kurz 
BI 4 Indonesia 
 
     
Gigantochloa atter (Hassk.) Kurz BI 5 Indonesia       
Gigantochloa ligulata Gamble SD 1424 Thailand EU434257     GU390955 
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Table 1. (continued) 
 
Taxa Voucher No. Source GenBank accession numbers 
   matK ndhF3' rpl16 rps16 trnD-trnT trnT-trnL 
Gigantochloa manggong Widjaja EAW 7391 Indonesia       
Gigantochloa nigrociliata (Büse) Kurz EAW 7456 Indonesia -   -   
Gigantochloa pseudoarundinacea 
(Steud.) Widjaja  
BI 8 Indonesia 
 
    
 
Greslania circinata Balansa SD 1490 New 
Caledonia 
 
BPG AY912204 BPG BPG  
Greslania rivularis Balansa SD 1491 New 
Caledonia  
BPG AY912205 BPG BPG 
 
Holttumochloa magica (Ridl.) K.M. 
Wong 
LYW 136 Malaysia  
   
GU390958 
 
Kinabaluchloa nebulosa K.M. Wong WKM 2892 Borneo     BPG BPG 
*Maclurochloa montana (Ridl.) 
K.M. Wong 
WKM 2890 Malaysia  BPG 
 
 GU390960 BPG 
Melocalamus compactiflorus 
(Kurz) Benth. 
M 068 Thailand EU434260  - EU434196 -  
*Mullerochloa moreheadiana (F.M. 
Bailey) K.M. Wong 
SD 1331 Australia   - BPG -  
*Neololeba atra (Lindl.) Widjaja LC & JT 1663  ISU GH EU434270 KC020101 BPG EU434206 BPG BPG 
*Oreobambos buchwaldii K. 
Schum. 
G 1731 Zimbabwe EU434272 BPG BPG EU434208 BPG  
*Oxytenanthera abyssinica (A. 
Rich.) Munro 
LC & JT 1664 ISU GH EU434273 KC020503 AY912193 EU434209 BPG BPG 
*Parabambusa kaini Widjaja BI 27 Indonesia       
*Pinga marginata Widjaja EAW 9019 Indonesia       
Pseudoxytenanthera monadelpha 
(Thwaites) Soderstr. & R.P. Ellis  
LA 145 Sri Lanka 
 
     
*Soejatmia ridleyi (Gamble) K.M. 
Wong 
LYW 135 Malaysia 
 
   GU390963 BPG 
Sphaerobambos hirsuta S. Dransf. WKM 2894 Borneo     GU390962  
*Temburongia simplex S. Drasf. & 
K.M. Wong 
JD 7498 Brunei EU434269  AY912214 EU434205   
*Temochloa liliana S. Dransf. SD 1494 Thailand  KC020508 AY912215 KC020601 KC020543 KC020563 
Thyrsostachys siamensis Gamble M 088 Thailand EU434261   EU434197   
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Table 1. (continued) 
 
Taxa Voucher No. Source GenBank accession numbers 
   matK ndhF3' rpl16 rps16 trnD-trnT trnT-trnL 
Vietnamosasa ciliata (A. Camus) 
T.Q. Nguyen 
SD 1448 Thailand EU434266   EU434202  
 
2. Subtribe Melocanninae         
Cephalostachyum pergracile Munro WP 8400635, 
SD 1435 
China (cult.) EU434274 U21968 AY912199 KC020572 KC020532 KC020547 
*Davidsea attenuata (Thwaites) 
Soderstr. & R.P. Ellis 
LA 111 Sri Lanka  
   
 
 
Melocanna baccifera (Roxb.) Kurz XL & LC 930 Colombia 
(cult.) 
EF125174 AF182348  KC020585 GU390961 KC020555 
Neohouzeaua dulloa (Gamble) A. 
Camus 
M 037 Thailand   
 
   
Neohouzeaua mekongensis A. 
Camus 
SD 1434, SD 
1474? 
Thailand       
Ochlandra stridula Moon ex 
Thwaites 
LA 142 Sri Lanka       
*Pseudostachyum polymorphum 
Munro 
M 164 Thailand EU434277   EU434213   
Schizostachyum blumei Nees UM 
Bambusetum 
Acc.34 
       
Schizostachyum brachycladum (Kurz 
ex Munro) Kurz 
Sungkaew s.n. Thailand   AY912200 BPG   
Schizostachyum caudatum Backer BI 17 Indonesia       
Schizostachyum iraten Steud. BI 16 Indonesia       
Schizostachyum silicatum Widjaja EAW 7342 Indonesia -      
3. Subtribe Hickeliinae         
Cathariostachys capitata (Kunth) S. 
Dransf. 
SD 1334 Madagascar 
 
 AY912201 BPG BPG  
*Decaryochloa diadelpha A. Camus SD 1514, SD 
1288 
Madagascar 
 
 AY912203 BPG BPG  
Hickelia madagascariensis A. 
Camus 
SD 1292 Madagascar 
 
AF182351 AY912206 KC020584 KC020536  
Nastus borbonicus J.F. Gmel. LC & SD 1656 France 
(cult.) 
 KC020500 AY912207 KC020586 KC020538 KC020556 
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Table 1. (continued) 
 
Taxa Voucher No. Source GenBank accession numbers 
   matK ndhF3' rpl16 rps16 trnD-trnT trnT-trnL 
Nastus elegantissimus (Hassk.) 
Holttum 
Putut & SD 4 Java   AY912208 BPG BPG 
 
Nastus elongatus A. Camus SD 1343, SD 
1510 
Madagascar 
 
BPG AY912209 BPG BPG 
 
Nastus productus (Pilg.) Holttum JD 7680 Irian Java   AY912210 BPG BPG  
Perrierbambus madagascariensis 
A. Camus 
Randrimanapisoa 
s.n. 
Madagascar  BPG AY912211 BPG BPG  
*Sirochloa parvifolia (Munro) S. 
Dransf. 
JD 7742 Madagascar   AY912212 BPG BPG 
 
Valiha diffusa S. Dransf. SD 1345 Madagascar  BPG AY912213 BPG BPG  
4. Subtribe Racemobambosinae         
Racemobambos hepburnii S. 
Dransf.  
WKM 2891 Malaysia  KC020506 KC020524 KC020595 KC020542 KC020561 
Racemobambos raynalii Holttum JD 7679 Irian Jaya       
5. Outgroup         
5.1 Subtribe Guaduinae         
Guadua angustifolia Kunth XL & LC 931 Colombia  FJ643714 FJ751664 KC020583 FJ644003 FJ644154 
Otatea acuminata (Munro) C.E. 
Calderón & Soderstr. 
LC & WZ 1348, 
LC et al. 1312 
Mexico 
(cult.) 
EF137436 AF182350 AF133473 KC020289 FJ751732 KC020559 
5.2 Subtribe Arthrostylidiinae         
Aulonemia queko Goudot LC & PA 1445 Ecuador    BPG JQ408641 JQ408600 
Rhipidocladum harmonicum 
(Parodi) McClure 
LC et al. 1128 Ecuador 
 
JQ408563 JQ408582 BPG JQ408661  
5.3 Subtribe Chusqueinae         
Chusquea scandens Kunth LC & XL 1235 Colombia  FJ751643 U62781 KC020577 FJ751736 KC020549 
Chusquea spectabilis L.G. Clark LC 919 Colombia  AF182355 U62793  FJ751752 KC020550 
5.4 Olyreae         
*Buergersiochloa bambusoides 
Pilg.  
SD 1365 Irian Jaya  AF182341 AF133461 KC020571 FJ643988 FJ644139 
*Maclurolyra tecta C.E. Calderón 
& Soderstr. 
JGSK 686 Panama -      
Olyra latifolia L. XL & LC 911 Colombia AF164386 U21971 KC020520 EU434219 KC020540  
Olyra standleyi Hitchc. JGSK 670 Panama       
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Table 1. (continued) 
 
Taxa Voucher No. Source GenBank accession numbers 
   matK ndhF3' rpl16 rps16 trnD-trnT trnT-trnL 
Pariana radiciflora Sagot ex Döll LC & WZ 1344 ISU GH AF164387 AF182354 AF133462 KC020591 FJ644017 FJ644168 
Pariana aff. maynensis JGSK 663 Panama -      
5.5 Temperate bamboos         
Arundinaria gigantea (Walter) 
Muhl. 
JT 197 U.S.A.  FJ643707 FJ751663 KC020567 FJ643980 FJ644131 
Phyllostachys bambusoides 
Siebold & Zucc. 
LC1289, JT 121 U.S.A. 
(cult.) 
AB088805 BPG KC020522 KC020593 FJ644020 FJ644171 
5.6 Pooideae         
Brachyelytrum erectum (Schreb.) 
P. Beauv. 
JT 199 U.S.A. AF164384 U22005 AF133476 KC020270 FJ643985 FJ644136 
 
Voucher abbreviations: BI – Bogor Botanical Gargens, Indonesia; EAW – Elizabeth A. Widjaja; G – Gerald Guala; JD – John 
Dransfield; JGSK – J. Gabriel Sanchez-Ken; JT – Jimmy Triplett; LA – Lakshmi Attigala; LC – Lynn Clark; LYW – Y. W. Low; M – 
Chakkrapong Rattamanee; PA – Patricio Asimbaya; SD – Soejatmi Dransfield; UM – University of Malaysia; WKM – Wong Khoon 
Meng; WZ – Weiping Zhang; XL – Ximena Londoño; ISU GH – Greenhouse, Iowa State University.
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Since the evolutionary rates of cpDNA are highly conserved with 
nucleotide substitutions and structural changes (Small et al., 2004; Soltis et al., 
2004), both coding and non-coding cpDNA regions are used to elucidate the 
evolutionary relationships at the generic and higher taxonomic levels (Shaw et 
al., 2005, 2007).  All DNA were amplified and sequenced using six cpDNA 
regions including coding (ndhF3’ half, matK) and non-coding (rpl16 intron, rps16 
intron, trnD-trnT intergeneric spacer, trnT-trnL intergeneric spacer). 
 
DNA extraction, amplification, and sequencing 
 Total genomic DNA was extracted from silica gel-dried leaves using 
DNeasy® Plant Mini kits (Qiagen, Valencia, California, USA) with a modified 
protocol (Triplett and Clark, 2010) or the CTAB-isopropanol procedure (Paterson 
et al., 1993). The primers and protocols are listed in Table 2. The 202 completed 
sequences for some species are sampled from Genbank and Bamboo Phylogeny 
Database (BPG) presented in Table 1.  The polymerase chain reactions (PCRs) 
were amplified on a MJ Research PTC-200 thermal cycler (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) or Perkin-Elmer Applied Biosystems GeneAmp PCR 
System 9600 thermocycler with 25 µL volumes containing 1 µL genomic DNA, 
9.5 µL nuclease-free water, 1 µL of both forward and reverse primers, 12.5 µL 
Gotaq Green Master Mix kit (Promega, Madison, Wisconsin, USA), except matK 
adding 1 µL Bovine Serum Albumin (BSA).  All PCR products were purified with 
20% Polyethylene Glycol (PEG) 8000:2.5 M NaCl stock and followed by cold 
70% ethanol precipitation.  The purified PCR products were sequenced using 
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BigDyeTM Terminators V 3.1 (Applied Biosystems Inc., Foster City, CA, USA) to 
produce complementary strands with 10 µL volumes consisting of 3 µL purified 
PCR products, 4.5 µL water, 0.5 µL primers, 1.0 µL 5x buffer, and 1.0 µL BigDye.  
All sequence products were cleaned with Edge Biosystems clean-up plates.  
Sequences were performed on the Automated 3730xl DNA Analyzer (Perkin-
Elmer, Applied Biosystems) at the DNA Facility of the Iowa State University 
Office of Biotechnology. 
 
DNA sequence alignment and phylogenetic analysis 
 Sequence electropherograms were manually checked for base-calling 
errors using the program 4Peaks 1.7.2 (Griekspoor and Groothuis, 2006).  The 
verified sequences were manually assembled and aligned with the program Se-
Al version 2.0a11 (Rambaut, 2002).  Gaps were introduced in sequence 
alignment according to Kelchner (2000) and left for analyses.  Missing data were 
coded in the combined data when some taxa could not be sequenced.  The 
individual sequences are accessible in GenBank (Table 1). 
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Table 2. Chloroplast DNA primers and PCR parameters protocol for amplification and sequencing in each region. 
     Region Size 
(bp) 
Primer Sets PCR Parameters  
(All end with 4ºC hold) 
References 
matK ~1350 19F CGT TCT GAC CAT ATT GCA CTA TG  
trnk2R AAC TAG TCG GAT GGA GTA G                                    
SEQ: 390F CGA TCT ATT CAT TCA ATA TTT C  
94
0
C, 3 min; 30X (94
0
C, 1 min; 48
0
C, 1 min; 
72
0
C, 2 min); 72
0
C, 7 min. 
modified 
from 
Sungkaew et 
al. (2009) 
ndhF (3' 
end) 
~1140 972F: GTC TCA ATT GGG TTA TAT GAT G 
2110R: CCC CCT AYA TAT TTG ATA CCT TCT CC 
SEQ: 1318F: GGA TTA ACT GCG TTT TAT ATG TTT CG 
          1603R: GCA TAG TAT TTC CCG TTT CAT GAG G 
94ºC, 1 min; 30x (94ºC, 1 min 30 sec; 
touchdown* 53-43ºC, 2 min; 72ºC, 3 min); 
72ºC, 10min. 
Triplett and 
Clark (2010) 
rpl16 intron ~1100 F71: GCT ATG CTT AGT GTG TGA CTC GTT G 
R1661: CGT ACC CAT ATT TTT CCA CCA CGA C 
SEQ: SAK8: CCA TCC CAC CCA ATG AAG 
          R1516: CCC TTC ATT CTT CCT CTA TGT TG 
95ºC, 2 min; 35x (95ºC, 1 min; 50ºC, 10 sec;  
+15ºC, 0.3ºC/sec; 65ºC, 4 min); 65ºC, 5 min. 
Bamboo 
Phylogeny 
Group (2006) 
rps16 intron ~860 rps16F: AAA CGA TGT GGT ARA AAG CAA C 
rps16R: AAC ATC WAT TGC AAS GAT TCG ATA 
94ºC, 2 min; 35x (94ºC, 45 sec; touchdown*  
58-48ºC, 30 sec; 72ºC, 1 min); 72ºC, 5 min. 
Bamboo 
Phylogeny 
Group (2006) 
trnD-trnT 
intergeneric 
spacer 
~1100 trnD-for: ACC AAT TGA ACT ACA ATC CC 
trnT-rev: CCC TTT TAA CTC AGT GGT A 
SEQ: trnY-rev: CTC TTT GCT TTG GAT CTA G 
          trnE-for: GCC TCC TTG AAA GAG AGA TG 
94ºC, 2 min; 35x (94ºC, 45 sec; touchdown*  
58-48.5ºC, 1 min; 72ºC, 1 min 15 sec); 72ºC,  
5 min. 
Triplett and 
Clark (2010) 
trnT-trnL 
intergeneric 
spacer 
~880 trnT-L F: CAT TAC AAA TGC GAT GCT CT  
trnT-L R: TCT ACC GAT TTC GCC ATA TC  
95ºC, 2 min; 35x (95ºC, 1 min; 48ºC, 10 sec;  
+17ºC, 0.3ºC/sec; 65ºC, 5 min); 65ºC, 5 min. 
Triplett and 
Clark (2010) 
     
Notes     
1. First pair is for PCR amplification of target region. “SEQ” are internal primers for sequencing reactions; if none are listed, 
use the PCR primers. 
2. Touchdown PCR: Initial annealing temperature in cycle 1 (e.g., 58ºC), with a reduction (typically -1ºC) each cycle until a 
target annealing temperature is reached (e.g., 48ºC), followed by additional cycles at this new temperature (Don et al., 1991). 
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 The incongruence length difference (ILD) test (Farris et al., 1995a, 1995b) 
was used to examine statistical homogeneity of the individual and combined 
datasets (Barker and Lutzoni, 2002) with PAUP* 4.0b10 (Swofford, 2002) using 
1,000 replicates in a heuristic search with random taxon addition.  All sequences 
in each region including gaps and indels were combined into one dataset for 
phylogenetic analysis using Maximum parsimony (MP), maximum likelihood 
(ML), and Bayesian Inference (BI).  MP analyses were performed in PAUP* 
4.0b10 with the heuristic search including 1,000 iterations of random addition 
sequence (RAS) and tree bisection and reconnection (TBR) branch swapping.  
ML analyses were carried out in raxmlGUI version 1.3 (Silvestro and Michalak, 
2012) with 1000 rapid bootstrap analyses and followed by an evolutionary model 
that was estimated by the Akaike information criterion (AIC) using jModelTest 2.1 
(Guindon and Gascuel, 2003; Darriba et al., 2012).  BI estimation was conducted 
with MrBayes version 3.1.2 (Ronquist and Huelsenbeck, 2003).  The general 
time reversible (GTR) model with estimates of invariant characters (I) and 
substitution rate variation (G) parameters (Huelsenbeck and Rannala, 2004) was 
employed for separate gene partitions.  Markov Chain Monte Carlo (MCMC) was 
run in eight chains for 50 million generations with sampling every 1,000 
generations.  Posterior probabilities were computed for each clade in consensus 
trees.  The bootstrap values ≥ 80% from MP and ML analyses (MPBS, MLBS) 
and the posterior probabilities (PP) ≥ 0.90 from BI analysis were present on the 
consensus topologies. 
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Alternative hypothesis testing (SH Test) 
 The alternative hypotheses of the PWB evolutionary relationships were 
examined the against results from our analyses using the SH test (Shimodaira 
and Hasegawa, 1999) for grouping such as monophyly of Bambusa species, 
African bamboos, Nastus species, Madagascar Nastus species, CNPS 
(Cephalostachyum, Neohouzeaua, Pseudostachyum, and Schizostachyum) 
group, climbing Bambusinae, and native Oceanic woody bamboos.  Since SH 
test results were dependent on the model (Buckley et al., 2001), alternative 
hypothesis tests were conducted between unconstrained and constrained 
maximized likelihood estimate (MLE) topologies under GTR + I + G model, and 
significant difference was determined by an attained significance value of p = 
0.05 for a test distribution derived from 10,000 RELL bootstrap replicates in 
PAUP*. 
 
RESULTS 
Alignment and sequence characteristics 
 The combined data set for phylogenetic analyses of 80 aligned sequences 
in six chloroplast regions is 7063 bp in length; the number of characters in the 
aligned individual regions is 1395 for matK, 1177 for ndhF3’, 1309 for the rpl16 
intron, 886 for the rps16 intron, 1331 for the trnD-trnT spacer, and 965 for the 
trnT-trnL spacer.  The aligned lengths of each region without ambiguous 
characters and indels (insertion or deletions) are given in Table 3.  A total of eight 
(1.67%) sequences are coded as missing: five for matK (Cyrtochloa luzonica, 
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Gigantochloa nigrociliata, Schizostachyum silicatum, Maclurolyra tecta, and 
Pariana aff. maynensis), one for the rps16 intron (Gigantochloa nigrociliata), and 
Mullerochloa moreheadiana in the rpl16 intron and the trnD-trnT spacer.  The 
number of parsimony-informative characters (PIC) of combined sequences is 637 
(9.02%). 
Phylogenetic analyses of the cpDNA sequences focus on the combined 
data set with coding and non-coding regions as the main partitions because the 
partition homogeneity tests indicated that all six cpDNA regions are not 
significantly different (p = 0.001) as shown in Table 3. 
 
Phylogenetic analyses 
 MP analysis of the combined data sets produces a tree length = 2328 with 
consistency index (CI) = 0.7148, homoplasy index (HI) = 0.2852, and retention 
index (RI) = 0.7647. The results of MP analyses of individual cpDNA partitions 
are shown in Table 3.  The optimization likelihood score from ML analysis is -
24982.61.  BI analysis shows likelihood scores of -24940.67 and -24950.39 with 
the arithmetic mean = -24955.09 and harmonic mean = -25033.98.  The 
evolutionary relationships of all sampled bamboos based on six plastid regions 
are shown on the Figure 3.  Support values of more than 80% for bootstrap 
support (MPBS/MLBS) values from MP and ML analyses and more than 90% for 
posterior probability (PP) from BI analysis are shown on the combined 
consensus tree (Fig. 4). 
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Table 3. MP analyses and evolutionary models of individual and combined chloroplast DNA 
 
 matK ndhF3’ rpl16 
intron 
rps16 
intron 
trnD-trnT 
spacer 
trnT-trnL 
spacer 
Coding 
regions 
Non-coding 
regions 
Combined 
cpDNA 
Aligned characters (bp) 1395 1177 1309 886 1331 965 2572 4491 7063 
Missing data (taxa) 5  
(6.25%) 
- 1  
(1.25%) 
1  
(1.25%) 
1  
(1.25%) 
- 5  
(3.13%) 
3  
(0.94%) 
8 
(1.67%) 
Constant characters (bp) 1135 930 982 729 1056 791 2065 3558 5623 
Number of parsimony-
informative characters (PIC) 
96 113 133 69 137 89 298 428 637 
MP tree length 380 391 520 222 431 286 781 1531 2328 
Consistency index (CI) 0.7684 0.7084 0.5743 0.8243 0.7285 0.7238 0.7286 0.7152 0.7148 
Homoplasy index (HI) 0.2316 0.2916 0.4257 0.1757 0.2715 0.2762 0.2714 0.2848 0.2852 
Retention index (RI) 0.4489 0.7605 0.8021 0.8617 0.7903 0.8268 0.7574 0.7762 0.7647 
Rescaled consistency index 
(RC) 
0.5985 0.5388 0.6032 0.7103 0.5758 0.5984 0.5518 0.5551 0.5466 
AIC Model TVM+I+G TVM+I+G GTR+I+G TPM1uf+I+G TVM+I+G TVM+I+G TVM+I+G TVM+I+G GTR+I+G 
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The Bambusoideae (1.00 PP) consist of two well supported clades in this 
analysis: the tropical bamboos (Olyreae + Bambuseae; 89 MLBS, 1.00 PP, but 
no MPBS) and the temperate woody bamboos (Arundinarieae; 100 MPBS, 100 
MLBS, 1.00 PP).  Within the tropical bamboos, the herbaceous bamboo clade 
(Olyreae) is strongly supported as monophyletic (100 MPBS, 100 MLBS, 1.00 
PP) and sister to the strongly supported tropical woody bamboos (Bambuseae; 
97 MPBS, 100 MLBS, 1.00 PP).  The tropical woody bamboos in turn consist of 
two clades; the paleotropical and the neotropical woody bamboos.  Monophyly of 
the paleotropical woody bamboos has relatively high support values with 97 
MPBS, 100 MLBS and 1.00 PP.  The NWB clade, however, is well supported 
only in the BI analysis, with 0.89 PP, but receives no MPBS or MLBS support.  
Each of the two constituent clades of the NWB is strongly supported, however: 
the Chusqueinae clade with 96 MPBS, 92 MLBS and 1.00 PP and the 
Arthrostylidiinae + Guaduinae clade with 100 MPBS, 100 MLBS and 1.00 PP.   
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Figure 3. Evolutionary tree of paleotropical woody bamboos and outgroups from the ML 
analysis based on six combined cpDNA regions: B = Bambusinae, H = Hickeliinae, M = 
Melocanninae, R = Racemobambosinae, NWB = Neotropical woody bamboos, A = 
Arundinarieae, O = Olyreae, OG = Outgroup, type species for a genus in boldface, * = 
monotypic genus.   
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Figure 4. Consensus tree of paleotropical woody bamboos and outgroups based on six combined 
cpDNA regions: B = Bambusinae, H = Hickeliinae, M= Melocanninae, R = Racemobambosinae, 
NWB = Neotropical woody bamboos, A = Arundinarieae, O = Olyreae, OG = Outgroup, type 
species for a genus in boldface, * = monotypic genus.  Branches are labeled with taxon names 
and support values on the ML single tree bootstrap in the following order: above the branch 
parsimony bootstrap/likelihood bootstrap (MPBS/MLBS), below the branch Bayesian posterior 
probability (PP). 
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Bambuseae 
 Bambusoideae 
Temochloa liliana 
Gigantochloa pseudoarundinacea 
Melocalamus compactiflorus 
Gigantochloa atter 
Soejatmia ridleyi* 
Gigantochloa nigrociliata 
Dendrocalamus asper 
Maclurochloa montana* 
Oxytenanthera abyssinica* 
Dendrocalamus latiflorus 
Gigantochloa apus 
Gigantochloa albociliata 
Thyrsostachys siamensis 
Pseudoxytenanthera monadelpha 
Holttumochloa magica 
Gigantochloa ligulata 
Vietnamosasa ciliata 
Bambusa tulda 
Dendrocalamus strictus 
Bambusa vulgaris 
Greslania rivularis 
Sphaerobambos hirsuta 
Mullerochloa moreheadiana* 
Pinga marginata* 
Cyrtochloa luzonica 
Dinochloa scandens 
Temburongia simplex* 
Parabambusa kaini* 
Neololeba atra* 
Dinochloa malayana 
Fimbribambusa horsfieldii 
Hickelia madagascariensis 
Nastus elongatus 
Decaryochloa diadelpha* 
Cathariostachys capitata 
Sirochloa parvifolia* 
Perrierbambos madagascariensis 
Nastus borbonicus 
Racemobambos raynalii 
Nastus elegantissimus 
Valiha diffusa 
Brachyelytrum erectum 
Arundinaria gigantea 
Phyllostachys bambusoides 
Buergersiochloa bambusoides* 
Pariana radiciflora 
Pariana aff. maynensis 
Olyra latifolia 
Olyra standleyi 
Chusquea scandens 
Chusquea spectabilis 
Guadua angustifolia 
Rhipidocladum harmonicum 
Pseudostachyum polymorphum 
Melocanna baccifera 
Ochlandra stridula 
Neohouzeaua dulloa 
Schizostachyum caudatum 
Davidsea attenuata* 
Cephalostachyum pergracile 
Schizostachyum brachycladum 
Neohouzeaua mekongensis 
Schizostachyum iraten 
Aulonemia queko 
Maclurolyra tecta* 
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The paleotropical woody bamboo clade consists of four currently 
recognized subtribes: Bambusinae, Hickeliinae, Melocanninae, and 
Racemobambosinae.  Melocanninae is strongly supported as monophyletic (99 
MPBS, 100 MLBS, 1.00 PP) and sister to the remaining paleotropical woody 
bamboos (98 MPBS, 99 MLBS, 1.00 PP).  Within the Melocanninae, 
Cephalostachyum, Neohouzeaua, and Schizostachyum form a well-supported 
monophyletic group (98 MPBS, 99 MLBS, 1.00 PP).  However, the five sampled 
species of Schizostachyum do not form a clade.  Two species of Neohouzeaua 
(N. dulloa and N. mekongensis) are united as a monophyletic group with 80 
MPBS, 84 MLBS, and 1.00 PP, but are part of a polytomy with Cepahlostachyum 
+ Schizostachyum. 
The Madagascan and Reuinion Island members of subtribe Hickeliinae 
form a clade (99 MPBS, 100 MLBS and 1.00 PP) sister to the rest of the 
paleotropical woody bamboos (Bambusinae, Racemobambosinae, and non-
Madagascan Nastus; 0.88 PP, but no MPBS and MLBS).  This subtribe as a 
whole is a polyphyletic, however, because two species of non-Madagascan 
Nastus (Nastus productus and N. elegantissimus) form a clade (92 MPBS, 91 
MLBS, 1.00 PP) and resolve as sister to Racemobambos in a distinct clade. 
The two sampled species of Racemobambosinae (Racemobambos 
hepburnii and R. raynalii) are highly supported as sister (100 MPBS, 100 MLBS, 
1.00 PP).  This clade in turn is moderately well supported (84 MPBS, 90 MLBS, 
1.00 PP) as sister to the non-Madagascan Nastus clade. OG 
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Subtribe Bambusinae is not recovered as monophyletic and consists of 
three major groups: the core Bambusinae (a group conatins three major genera: 
Bambusa, Dendrocalamus, and Gigantochloa), Temburongia + Fimbribambusa 
clade, and CDMNPS (Cytochloa-Dinochloa-Mullerochloa-Neololeba-
Parabambusa-Pinga-Sphaerobambos) + Greslania clade.  A well supported 
clade (96 MPBS, 98 MLBS, 1.00 PP) consists of a monophyletic Greslania (100 
MPBS, 100 MLBS, 1.00 PP) that is sister to a relatively well supported CDMNPS 
clade (89 MPBS, 95 MLBS, 1.00 PP) consisting of climbing bamboos from 
Oceania (Cyrtochloa, Dinochloa, Mullerochloa, Neololeba, Parabambusa, Pinga, 
and Sphaerobambos).  This clade is resolved as sister to the Racemobambos + 
non-Madagascan Nastus clade with support only from MLBS and BI (84 MLBS, 
1.00 PP, but no MPBS). 
The remaining Bambusinae forms a clade with support only from BI (0.88 
PP), consisting of two major clades: Temburongia simplex + Fimbribambusa 
horsfieldii (95 MPBS, 94 MLBS, 1.00 PP) and the core Bambusinae (96 MPBS, 
100 MLBS, 1.00 PP).  The latter clade includes the sampled representatives of 
Bambusa, Dendrocalamus, Gigantochloa, Holttumochloa, Kinabaluchloa, 
Maclurochloa, Melocalamus, Oreobambos, Oxythenanthera, 
Pseudoxytenanthera, Soejatmia, Temochloa, Thyrsostachys, and Vietnamosasa.  
Well supported relationships within the core Bambusinae include Oreobambos 
buchwaldii sister to Pseudoxytenanthera monadelpha (92 MPBS, 92 MLBS, 1.00 
PP); Holttumochloa magica sister to Kinabaluchloa nebulosa (100 MPBS, 100 
MLBS, 1.00 PP); Dendrocalamus strictus sister to Bambusa dissimulator (94 
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MPBS, 99 MLBS, 1.00 PP); Bambusa multiplex sister to Bambusa oldhamii (97 
MPBS, 98 MLBS, 0.95 PP); and a cluster of Dendrocalamus asper, D. latiflorus, 
D. membranaceus, Gigantochloa albociliata, G. apus, G. atter, G. manggong, G. 
pseudoarundinacea, Maclurochloa montana, and Melocalamus compactiflorus 
(91 MPBS, 92 MLBS, and 1.00 PP). 
 
Alternate hypothesis testing 
 The results of the Shimodaira-Hasegawa (SH) test with PAUP* using 
combined cpDNA is summarized in Table 4. Monophyly of Nastus as whole is 
rejected (p = 0.0029).  Monophyly of climbing Bambusinae and Bambusa are 
rejected with p < 0.0001 and p = 0.0035 respectively.  Furthermore, monophyly 
of native Oceanic Bambusinae is also rejected (p < 0.0001).  However, 
monophyly of the paleotropical African bamboos or Madagascan Nastus, with p = 
0.1737 and 0.3281, respectively, cannot be rejected.  The monophyly of 
Cephalostachyum + Neohouzeaua + Pseudostachyum + Schizostachyum is also 
unable to be rejected with p = 0.4920 (Table 4). 
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Table 4. Hypotheses concerning alternate relationships of paleotropical woody 
bamboos.  All hypotheses were tested under Maximum Likelihood analysis using 
the Shimodaira-Hasegawa (SH) test at p < 0.05. 
Hypothesis Results of Test 
1. Bambusa is a monophyletic group (B. bambos, B. dissimulator,  
B. multiplex, B. oldhamii, B. tulda, B. vulgaris)  
significantly different 
(p=0.0035*) 
2. African taxa form a monophyletic group (Oreobambos buchwaldii 
and Oxythenanthera abyssinica) 
not significantly different 
(p=0.1737) 
3. Climbing Bambusinae is a monophyletic group (Cyrtochloa 
luzonica, Dinochloa malayana, D. matmat, D. scandens, 
Holttumochloa magica, Kinabaluchloa nebulosa, Maclurochloa 
montana, Mullerochloa moreheadiana, Neololeba atra, 
Parabambusa kaini, Pinga marginata, Soejatmia ridleyi, 
Sphaerobambos hirsuta, Temburongia simplex) 
significantly different 
(p<0.0001*) 
4. Native Oceanic Bambusinae form a monophyletic group 
(Cyrtochloa luzonica, Dinochloa matmat, D. scandens, 
Fimbribambusa horsfieldii, Greslania circinata, G. rivularis, 
Kinabulochloa nebulosa, Mullerochloa moreheadiana, Neololeba 
atra, Parabambusa kaini, Pinga marginata, Temburongia simplex) 
significantly different 
(p<0.0001*) 
5. Cephalostachyum, Neohouzeaua, Pseudostachyum, and 
Schizostachyum form a monophyletic group (C. pergracile,  
N. mekongensis, N. dulloa, P. polymorphum, S. blumei,  
S. brachycladum, S. caudatum, S. iraten, and S. silicatum) 
not significantly different 
(p=0.4920) 
6. Nastus is a monophyletic group (N. elegantissimus, N. productus, 
N. borbonicus, N. elongatus) 
significantly different 
(p=0.0029*) 
7. Madagascan Nastus is a monophyletic group (N. borbonicus,  
N. elongatus) 
not significantly different 
(p=0.3281) 
 
DISCUSSION 
Phylogenetic relationships of Bambusoideae 
 The taxa of subfamily Bambusoideae are classified into three major tribes 
with high support: Arundinarieae (temperate woody bamboos), Bambuseae 
(tropical woody bamboos), and Olyreae (herbaceous bamboos) (Sungkaew et 
al., 2009; Bouchenak-Khelladi et al., 2010; BPG, 2012; Kelchner et al., 2013).  
Each tribe has been recovered as monophyletic with high support values 
(Sungkaew et al., 2009; Kelchner et al., 2013).  Although this study is not 
designed to test relationships among these three lineages, our results confirm 
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paraphyly of the woody bamboos because the herbaceous bamboos are 
resolved as sister to the tropical woody bamboos with the temperate woody 
bamboos as sister to that clade.  Additionally, this investigation supports the 
relationships within Olyreae from Kelchner et al. (2013) in which 
Buergersiochloinae, represented by Buergersiochloa bambusoides, was sister to 
the remaining herbaceous bamboos. 
 
Phylogenetic relationships of Bambuseae  
 Two major clades (NWB and PWB) within Bambuseae are confirmed as 
sister and each clade received strong support based on six cpDNA regions 
(Sungkaew et al., 2009; BPG, 2012; Kelchner et al., 2013).  There is no potential 
synapomorphy to diagnose these clades (BPG, 2012), but molecular evidence 
and biogeographic distribution can be used to define them.  The NWB are 
distributed in Central and South America, while the PWB can be found in South-
East Asia, South Asia, Africa, Madagascar and Australia (Clark, 1990; 
Ohrnberger, 1999; Judziewicz and Clark, 2007).  Furthermore, hexaploidy (x = 
12) has been considered to be a possible synapomorphy of the PWB 
(Soderstrom, 1981; Li, 1998; Li et al., 2001; BPG, 2012). 
 Although the NWB clade received high BI support, it was not supported in 
the MP and ML analyses.  This report is similar to the analyses of Sungkaew et 
al. (2009) and Kelchner et al. (2013).  This lack of support could be because of 
taxon sampling, number of informative characters, potential markers, and 
constancy of evolutionary rate (Felsenstein, 1981, 1985; Scotland et al., 2003).  
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These analyses, however, confirm that each subtribe of the NWB forms a well-
supported monophyletic group (Kelchner and Clark, 1997; Fisher et al., 2009; 
Tyrrell et al., 2012; Kelchner et al., 2013).  The phylogenetic relationships among 
three subtribes of the NWB resolve Chusqueinae as sister to the Arthrostylidiinae 
+ Guaduinae clade.  This relationship was also strongly supported by prior 
analyses (Kelchner and Clark, 1997; Clark et al., 2007; Judziewicz and Clark, 
2007; Fisher et al., 2009; Sungkaew et al., 2009; Kelchner et al., 2013).  The 
BPG (2012) reported the morphological synapomorphies used to diagnose each 
subtribe: Chusqueinae with two papillae per subsidiary cell, four glumes and one 
female-fertile floret, and no rachilla extension, Arthrostylidiinae with a simple, 
abaxially projecting midrib and the presence of intercostal sclerenchyma, and 
Guaduinae with abundant stomates and well developed papillae on the adaxial 
epidermis.   
 
Phylogenetics of Paleotropical Woody Bamboos 
 This study is the first time that the four currently recognized subtribes of 
the PWB clade have been examined to analyze their phylogenetic relationships.  
The analyses found that Melocanninae was the sister group of the remaining 
PWB.  Moreover, the Madagascan species of subtribe Hickeliinae were 
monophyletic and sister to Bambusinae + Racemobambosinae + non-
Madagascan Nastus.  The DMNS clade + Cyrtochloa, Parabambusa, and Pinga 
form a monophyletic group in this study as the CDMNPS clade. 
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Relationships within subtribe Bambusinae 
 This investigation confirms Sungkaew et al. (2009)’s report that subtribe 
Bambusinae is not monophyletic because some Oceanic climbing woody 
bamboos (CDMNPS clade) are more closely related to the Racemobambos + 
non-Madagascan Nastus clade than to the core Bambusinae.  The remaining 
Bambusinae still did not receive support from MP and ML analyses, similar to 
Kelchner et al. (2013).  This phylogenetic problem might be resolved by 
increasing the number of sampled taxa or using low copy nuclear markers (Sang, 
2002; Zhang and Hewitt, 2003; Small et al., 2004; Zimmer and Wen, 2012; Zhao 
et al., 2013).  Although there is no morphological synapomorphy to define this 
subtribe (BPG, 2012), molecular phylogenetic analyses have discriminated 
between Bambusinae and the three other subtribes.   
The remaining Bambusinae is recognized to be a monophyletic group with 
high support.  The polytomic topology, however, still represents the unresolved 
evolutionary relationships within this clade, especially species of Bambusa 
Dendrocalamus, and Gigantochloa which are across the remaining Bambusinae.  
This result is congruent with the SH test that rejected the monophyly of 
Bambusa.  These taxonomic problems could be due to insufficient phylogenetic 
information in the markers, hybridization and reticulate evolution, incomplete 
lineage sorting, taxonomic circumscription, or misplacement of species (Goh et 
al., 2010; Triplett and Clark, 2010; Goh et al. 2013).  The relationships, 
moreover, within the Bambusa, Dendrocalamus, and Gigantochloa (BDG) 
complex have been inexplicit because there are additional genera embedded 
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among this complex.  Our results reveal that other genera also clustered into the 
BDG complex include: Holttumochloa, Kinabaluchloa, Maclurochloa, 
Melocalamus, Oreobambos, Oxytenanthera, Pseudoxytenanthera, Soejatmia, 
Temochloa, Thyrsostachys, and Vietnamosasa.  These species are widespread 
in mainland Asia, south Asia, Africa, and Borneo (Clayton, 1970; Clayton et al., 
2006; Soderstrom and Ellis, 1988; Wong, 1993; Dransfield and Widjaja, 1995; 
Phillips, 1995; Dransfield and Wong, 1996; Dransfield, 2000).   
 Holttumochloa magica and Kinabaluchloa nebulosa are resolved within 
the BDG complex in these analyses, contrasting with previous works in which 
they are removed from the BDG complex (Goh et al., 2010, 2013).  This altered 
relationship could occur because of increasing the number of different genera 
and morphological divergence events in the present study.  Additionally, H. 
magica, K. nebulosa, and Maclurochloa montana are climbing bamboos that 
grow on the mountains of tropical mainland Asia and have free margins of the 
primary-branch bud prophyll, but they are not recovered as a monophyletic 
group.  Holttumochloa magica and K. nebulosa, however, are sister with high 
support.  This result confirms the analyses of Goh et al. (2010, 2013) because 
both species shared morphological similarities by having subequal branches and 
linear culm leaf blades.  M. montana was separated from this clade because it 
presents a dominant secondary branch, while the secondary branches of H. 
magica and K. nebulosa are subequal (Wong, 1993). 
Biogeographically, Oreobambos buchwaldii and Oxytenanthera abyssinica 
are African taxa, but they are not closely related in these analyses.  This result is 
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clearly distinct from Sungkaew et al. (2009)’s analysis in which two genera were 
strongly supported as sister.  Monophyly of the African bamboos, however, was 
testd by the SH test in this study, and our results cannot reject this alternative 
hypothesis.  Not surprisingly, O.buchwaldii is closely related to 
Pseudoxytenanthera monadelpha which is a native bamboo in India and Sri 
Lanka (Soderstrom and Ellis, 1988) because the Indian plate separated from 
Gondwanaland and this plate might carry taxa and share plate history with Africa 
(Skinner, 1878; Lomolino et al., 2010).  Moreover, both taxa share a horizontal 
sheath apex and the presence of an abaxial green stripe on the foliage leaf blade 
(Soderstrom and Ellis, 1988). 
 Our results recover Temburongia simplex sister to Fimbribambusa 
horsfieldii with reasonably good support from ML and BI analyses.  This confirms 
the prediction of Goh et al. (2013) that these taxa should be closely related 
based on their shared horn-like leaf auricles and a conspicuous nodal patella.  
However, in our analyses this clade is only weakly supported as sister to what is 
commonly designated as the core Bambusinae (Goh et al., 2013).  Nevertheless, 
Temburongia simplex (and Fimbribambusa by extension) is now classified within 
subtribe Bambusinae (BPG, 2012; Goh et al., 2013) pending more detailed study 
of the CDMNPS + Greslania clade. 
 Holttum (1956) suggested that Melocalamus compactiflorus should be 
moved into the genus Dendrocalamus due to a short thick style and three long 
stigmas.  Our molecular analyses supported this idea because M. compactiflorus 
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was sister to D. membranceus and both are also clustered into the core 
Dendrocalamus + Gigantochloa clade. 
 
Relationships of climbing woody bamboos 
 Although Cyrtochloa, Dinochloa, Holttumochloa, Kinabaluchloa, 
Maclurochloa, Mullerochloa, Neololeba, Parabambusa, Pinga, Soejatmia, 
Sphaerobambos, and Temburongia are the paleotropical woody bamboos with a 
climbing habit, they do not associate as a monophyletic group in the present 
study or in previous molecular analyses (Goh et al., 2010, 2013).  Most of the 
Asiatic climbing bamboos are distributed in Oceania (Holttum, 1956; Dransfield, 
1989, 1998; Dransfield and Widjaja, 1995, 2000; Wong, 1993, 2005; Dransfield 
and Wong, 1996; Widjaja, 1997; Franklin, 2008), which includes the central and 
south Pacific islands of Sumatra, Java, Lesser Sunda Islands, Borneo, Brunei, 
Sulawesi, Philippines, New Guinea, Papua New Guinea, and Australia, whereas 
Dinochloa malayana, H. magica, M. montana, and Soejatmia ridleyi grow in the 
Malay Peninsula (Dransfield, 1996; Wong, 1993).  This result is compatible with 
the SH test that rejected the monophyly of climbing Bambusinae and the 
monophyly of native Oceanic woody bamboos.  Furthermore, the analyses 
showed that H. magica, K. nebulosa, M. montana, and S. ridleyi, which are 
endemic to tropical mainland Asia (Wong, 1993, 1995; Dransfield and Widjaja, 
1995), fall within the remaining Bambusinae.  The CDMNPS bamboos, however, 
form a clade with strong support.  A morphological feature that supports their 
monophyly is the transversely wrinkled culm leaf sheath-base or girdle (Widjaja, 
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1997; Wong, 2005).  Our results based on six cpDNA markers are similar to Goh 
et al.’s analyses (2010, 2013) based on plastid and nuclear markers, but 
Cyrtochloa, Parabambusa, and Pinga were not included in their study. 
 
 Phylogeny of subtribe Melocanninae 
 Melocanninae is robustly supported as a monophyletic group and well 
supported as sister to the rest of the PWB clade, consistent with previous studies 
(Clark et al., 2007; Yang et al., 2008; Sungkaew et al., 2009; Kelchner et al., 
2013).  Unique characteristics of Melocanninae are a glabrous ovary with an 
elongated and hollow style (Holttum, 1958; BPG, 2012).  Moreover, the presence 
of an S-shaped keel in the foliage leaf blade is also a potential synapomorphy of 
this subtribe (Soderstrom and Ellis, 1987). 
 Cephalostachyum, Neohouzeaua, Pseudostachyum, and Schizostachyum 
were classified into the same lineage according to Holttum (1956) because they 
share a thin and dry pericarp thickened slightly only at the apex and a spikelet 
consisting of one to many flowers.  The analyses, however, showed that P. 
polymorphum was separated from the other genera.  This result is consistent 
with Yang et al. (2008), without Neohouzeaua in their analyses, that 
Schizostachyum spp. and C. pergracile were clustered into the same clade 
without P. polymorphum based on the basic caryopsis type, while fruit of P. 
polymorphum is nucoid.  Nevertheless, the Holttum (1956)’s hypothesis cannot 
be rejected because the SH test showed p-value = 0.4752. 
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 Phylogeny of subtribe Hickeliinae 
The members of subtribe Hickeliinae are mainly distributed in Madagascar 
and Reunion Island except for some species of Nastus that are found in 
Indonesia and New Guinea (e.g., Nastus elegantissimus, N. productus) (Holttum, 
1955, 1967; Dransfield, 1994, 1997, 1998, 2002b; Dransfield and Widjaja, 1995; 
Ohrnberger, 1999).  Our analyses confirmed the BPG (2012)’s report that 
Greslania, which is endemic to New Caledonia, was misplaced in Hickeliinae and 
that it should be transferred to Bambusinae (Dransfield, 2002a).  Our results also 
strongly reinforced Clark et al. (2007)’s analyses that Nastus is polyphyletic, 
which is consistent with the disjunct geographic distribution of N. elegantissimus 
and N. productus from the Madagascan core of Hickeliinae.  The results of our 
SH test rejected the monophyly of Nastus as a whole, but was unable to reject 
the monophyly of Madagascan Nastus.  The present study suggests that both 
Asian Nastus and probably the other South East Asian members of this genus 
should be moved from Nastus into the formerly recognized genus Chloothamnus 
(Holttum, 1955; Clark et al., 2007).  The results, moreover, also supported the 
hypothesis of Clark et al. (2007) that Madagascan Hickeliinae formed a 
monophyletic group with strong support in ML and BI analyses. 
  
 Relationships of non-Madagascan Nastus and Racemobambos 
Racemobambosinae is monophyletic in this study and sister to the non-
Madagascan Nastus group with strong support.  The present investigation 
supports Holttum (1956)’s classification that plased Racemobambos and Asian 
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Nastus into the same lineage based on inflorescences patterns.  Morphologically, 
both groups share the determine inflorescence and narrow leaf blades 
(Dransfield, 1983; Dransfield and Widjaja, 1995). 
 Moreover, Racemobambos and the non-Madagascan Nastus clade is 
sister to the CDMNPS + Greslania clade.  They are distributed in Oceania except 
for Dinochloa malayana (Holttum, 1956; Dransfiled, 1989, 1996, 1998; Dransfield 
and Widjaja, 1995, 2000; Wong, 1993, 2005; Dransfield and Wong, 1996; 
Widjaja, 1997; Ohrnberger, 1999; Franklin, 2008).  However, this clade can be 
distinguished from climbing woody Bambusinae because the climbing woody 
bamboos present indeterminate synflorescences (McClure, 1966).  However, 
classification of four subtribes within the PWB is still confused because 
Racemobambosinae cannot be obviously classified from the Bambusinae in this 
analysis.  
 
Conclusions 
The phylogenetic investigation based on six cpDNA provides a better 
understanding of relationships among all currently recognized subtribes within 
the PWB.  The results showed that the PWB form a monophyletic group; the 
Melocanninae is sister to remaining the PWB; Madagascan and Reunion Island 
bamboos form a monophyletic group; non-Madagascan Nastus move out from 
Hickeliinae and are sister to Racemobambosinae; non-Madagascan-Nastus 
should be transferred to Chloothamnus; the CDMNPS taxa form a monophyletic 
group sister to Greslania.  Phylogenetic relationships within each subtribe, 
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however, are still unresolved especially in Bambusinae and Racemobambosinae.  
We suggest using nuclear markers to further clarify their evolutionary 
relationships in the future. 
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ABSTRACT 
Phylogenetic analyses of three low-copy nuclear markers (GPA1, Pabp1, 
and PvCel1) were used to explore the evolutionary relationships of the 
paleotropical woody bamboos (PWB) and allies.  The genomic phylogeny 
confirms six genomic components of bamboos: one genome in herbaceous 
bamboos (genome H), two genomes each in the temperate woody bamboos 
(genomes A and B) and Neotropical woody bamboos (genomes C and D), and 
three genomes in the PWB (genomes C, D, and E).  Some PWB taxa, however, 
don’t show all three genomic components.  The relationships of genomic and 
nuclear phylogenies strongly support the monophyly of woody bamboos, which is 
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incongruent to the plastid analyses.  Phylogenetic relationships among the six 
lineages of the PWB based on nuclear datasets are recovered as a polytomy.  
Each of the lineages is a monophyletic group and sampled members of the 
CDMNPS clade form a lineage sister to the Racemobambosinae. 
 
KEYWORDS: Bambuseae, paleotropical woody bamboos, low-copy nuclear 
markers, GPA1, Pabp1, PvCel1, bamboo phylogeny, incongruence, genomic 
components 
 
INTRODUCTION 
 The paleotropical woody bamboos (PWB) contain 407 published species 
(approximately 28% of total bamboo species diversity) in 47 genera 
(approximately 40% of woody bamboo generic diversity) [Bamboo Phylogeny 
Group (BPG) 2012].  Some species such as Bambusa bambos, B. multiplex, B. 
nutans, B. tulda, Cephalostachyum pergracile, Dendrocalamus latiflorus, D. 
strictus, Gigantochloa albociliata, G. hasskarliana and Melocanna baccifera are 
ecologically important as suppliers of ecosystem services in native forests, for 
instance, forest dynamics, forest restoration, water conservation, soil restoration, 
soil erosion control, soil fertility, carbon sequestration, nutrient cycling, 
windbreaks and noise barriers (White and Childers 1945; Tripathi and Singh 
1995; Marod et al. 1999; Yang et al. 2004; Zhou et al. 2005; Takahashi et al. 
2007; Larpkern et al. 2009, 2011). Some of the PWB provide a food source for 
humans (mainly as fresh or processed shoots), but they are also widely used for 
64 
 
house construction, fencing, paper, agricultural implements, musical instruments, 
and handicrafts.  The most commonly used genera are Bambusa, 
Dendrocalmus, Gigantochloa, Melocanna, and Schizostachyum (McClure 1966; 
Janzen 1976; Dransfield and Widjaja 1995; John and Nadguada 2002; Nath and 
Das 2010; Kharlyngdoh and Barik 2008).   
Systematically, the PWB clade is sister to the Neotropical woody bamboo 
(NWB) clade.  Both clades together comprise the tropical woody bamboos 
(Bambuseae), which is a tribe in the subfamily Bambusoideae of the grass family 
(Poaceae).  There is no synapomorphic character to diagnose either clade, but 
biogeographic distributions and molecular analyses can define both clades 
(Sungkaew et al. 2009; BPG 2012; Kelchner et al. 2013).  The NWB are 
widespread from Mexico south to Argentina and Chile and in the West Indies, 
whereas the PWB are distributed in the tropical Old World including South-East 
Asia, South Asia, Oceania, Africa, and Madagascar (Holttum 1955, 1958, 1967; 
Dransfield 1983, 1989, 1994, 1996, 1997, 1998, 2000, 2002a, 2002b; Wong 
1993, 1995, 2005; Dransfield and Widjaja 1995, 2000; Phillips 1995; Dransfield 
and Wong 1996; Widjaja 1997; Ohrnberger 1999; Franklin 2008; BPG 2012). 
All tropical woody bamboos are polyploid [x = 10, (11), and 12], but most 
of the PWB are hexaploid (2n=72) (Ghorai and Sharma 1980; Soderstrom 1981; 
Sobita Devi and Sharma 1993; Dransfield and Widjaja 1995; Li 1998; Li et al. 
2001; BPG 2012) with some species (e.g., Dendrocalamus membranaceus) 
being tetraploid (2n = 48±2), or aneuploid (2n = 56) in Neohouzeaua dulloa 
(Sobita Devi and Sharma 1993; Seethalakshmi and Muktesh Kumar 1998) or 
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having higher ploidy levels, such as  Bambusa cornigera (2n = 96, 100), B. 
gibboides (2n = 96, 104), B. prominens (2n = 90, 102, 104), B. xiashanensis (2n 
= 96, 104), Cephalostachyum pergracile (2n = 70±2, 64, 80, 95), C. virgatum (2n 
= 70, 80, 96, 104), Dendrocalamopsis edulis (2n = 96, 102, 104), D. oldhami (2n 
= 88, 96, 104), and D. vario-striata (2n = 85, 96, 100, 102, 104, 106) (Li et al. 
2001).  Additionally, the chromosome numbers of Dendrocalamus latiflorus and 
Pseudostachyum polymorphum show both tetraploidy and hexaploidy (Zhang 
1985; Sobita Devi and Sharma 1993; Wong 1995; Seethalakshmi and Muktesh 
Kumar 1998; Li et al. 2001).  Therefore, hexaploidy could be a possible 
synapomorphy of the PWB (Soderstrom 1981; Li 1998; Li et al. 2001; BPG 
2012). 
Evolutionary relationships and classification among members of the PWB 
have been examined using chloroplast DNA (cpDNA) and nuclear markers in 
recent phylogenetic studies (Yang et al. 2008; Sungkaew et al. 2009; Goh et al. 
2010, 2013; Yang et al. 2010; Kelchner et al. 2013; Chokthaweepanich et al. 
unpubl. data).  The PWB clade is defined as a monophyletic group with high 
support based on plastid molecular sequence data and consists of four subtribes: 
Bambusinae, Hickeliinae, Melocanninae, and Racemobambosinae.  The 
Melocanninae is supported as a monophyletic group and sister to the rest of the 
PWB with high support.  Subtribe Hickeliinae is not monophyletic because the 
non-Madagascan Nastus are clustered into the Racemobambosinae.  Members 
of Madagascan Hickeliinae, nevertheless, form a monophyletic group (Clark et al. 
2007; BPG 2012; Chokthaweepanich et al. unpubl. data).  The members of 
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Racemobambosinae also form a sister clade to non-Madagascan Nastus.  
Subtribe Bambusinae has not received high support as a monophyletic group 
because the Oceanic woody climbing bamboo group, the members of which are 
currently classified in the Bambusinae, is sister to the Racemobambosinae + 
non-Madagascan Nastus clade.  The phylogeny, moreover, among taxa in the 
core Bambusinae (consisting of three major genera of Bambusinae: Bambusa, 
Dendrocalamus, and Gigantochloa) forms a polytomy (Goh et al. 2013; 
Chokthaweepanich et al. unpubl. data).   
Many factors potentially affect chloroplast-based phylogenetic inference 
including conservative evolution, uniparental inheritance, reticulate evolution, and 
introgressive hybridization (Soltis and Soltis 1998; Wendel and Doyle 1998; Sang 
2002; Small et al. 2004).  Some bamboo studies have employed a few nuclear 
markers such as the internal transcribed spacer (ITS) region and granule-bound 
starch synthase (GBSSI or waxy) to combine with cpDNA data to clarify the 
evolutionary relationships of members within the PWB and allies (Sun et al. 
2005; Yang et al. 2008; Goh et al. 2010, 2013; Yang et al. 2010).  Despite the 
universality of the ITS region and GBSSI as nuclear markers, processes such as 
biparental inheritance, and intergenomic variability, along with the taxonomic 
problems of the PWB clade, cause relationships within the PWB to remain 
ambiguous and to receive low support.  Many factors influence phylogenetic 
inference from ITS sequences, such as insufficient variability, concerted 
evolution, high copy number, pseudogenes, and homoplasy (Mason-Gamer et al. 
1998; Soltis and Soltis 1998; Álvarez and Wendel 2003; Guo and Li 2004). 
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Recently, low-copy nuclear DNA sequences have been used for 
reconstructing allopolyploid events in plants (Mason-Gamer et al. 1998; Sang 
2002; Spooner et al. 2008) and resolving phylogenetic relationships within 
Poaceae (Mason-Gamer et al. 1998; Guo and Ge 2005; Sun et al. 2009; Estep et 
al. 2012; Triplett et al. 2012).  Low-copy nuclear genes provide a beneficial 
source of independent phylogenetic data because they are more exposed to 
different evolutionary pressures than are highly repetitive nuclear markers or 
plastid genes (Mason-Gamer et al. 1998; Zimmer and Wen 2012; Zhang et al. 
2012a).  Sequences of cellulase-like protein1 (PvCel1), G protein alpha subunit 
gene (GPA1), and poly-A binding protein1 (Pabp1) are targeted because these 
genes express phylogenetic relationships at intergeneric and intrageneric levels 
within the grass family (Gorgoni and Gray 2004; Guo and Ge 2005; Triplett et al. 
2012).  Low-copy nuclear DNA sequences will potentially provide phylogenetic 
information, solve the problems of cpDNA and nDNA sequences to recover a 
well-supported phylogeny, and can be used to clarify the evolutionary processes 
of plant speciation (Soltis and Soltis 1998; Sang 2002; Wendel and Cronn 2003).  
These genes, therefore, will be tested for their utility in resolving phylogenetic 
relationships among species in the PWB.  Moreover, phylogenetic analysis of this 
clade including all four subtribes has never been investigated using nuclear 
markers.   
This investigation therefore focuses on a preliminary survey of the utility of 
three low-copy nuclear markers of the PWB clade to 1) test the monophyly of 
each subtribe; 2) clarify phylogenetic relationships among all subtribes in this 
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clade; and 3) examine and compare the efficiency of low-copy nuclear DNA 
sequences for phylogenetic reconstruction in the PWB clade. 
 
MATERIALS AND METHODS 
Sample collection 
 Leaf material collected from the members of Bamboo Phylogeny Group 
consists of 16 species in 14 genera of the PWB, six species in five genera of the 
neotropical woody bamboos, two species in two genera of the herbaceous 
bamboos, and two species in two genera of the temperate woody bamboos 
(Table 1).  The outgroups comprise two taxa representing two subfamilies, 
Brachyelytrum erectum (Schreb.) P. Beauv. (Pooideae) and Oryza sativa L. 
(Ehrhartoideae), because both subfamilies are closely related to Bambusoideae 
in the BEP clade in the grass phylogeny (Bouchenak-Khelladi et al. 2008; GPWG 
II 2012).  Some sequences received from Genbank or Triplett et al. (in review) as 
shown in the Table 1. 
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Table 1. List of bamboo taxa, voucher number, sources, and GenBank accession 
number of three low-copy nuclear genes: type species for a genus in boldface; * 
= monotypic genus. 
 
Taxa Voucher No. Source Genbank accession numbers 
GPA1 Pabp1 PvCel1 
Bambusoideae          
I Paleotropical woody bamboos        
   Bambusinae           
Bambusa vulgaris  JGSK 666 Panama (cult.)    
Dendrocalamus asper  M 093 Thailand    
Dendrocalamus latiflorus  M 002 Thailand JT JT  
Gigantochloa atter  BI 5 Indonesia    
*Oxytenanthera abyssinica LC & JT 1664 Ethiopia JT JT JT 
   CDMNPS lineage          
*Neololeba atra  LC & JT 1663  ISU GH (cult.)    
*Parabambusa kaini  BI 27 Indonesia    
   Temburongia lineage          
*Temburongia simplex  JD 7498 Brunei    
   Racemobambosinae           
Racemobambos hepburnii  WKM 2891 Malaysia    
   Hickeliinae           
Cathariostachys capitata  SD 1334 Madagascar    
Hickelia madagascariensis SD 1292 Madagascar    
Valiha diffusa  SD 1345 Madagascar    
   Melocanninae           
Melocanna baccifera  XL & LC 930 Colombia 
(cult.) 
JT   
*Pseudostachyum 
polymorphum 
M 164 Thailand    
Schizostachyum blumei UM 
Bambusetum 
Acc. 34 
Malaysia    
Schizostachyum caudatum  BI 17 Indonesia    
II Neotropical woody bamboos        
   Arthrostylidiinae          
Aulonemia queko  LC et al. 1445 Ecuador JT JT JT 
Rhipidocladum 
harmonicum 
LC et al. 1128 Ecuador    
   Chusqueinae          
Chusquea scandens  LC & XL 1235 Colombia JT - JT 
Chusquea spectabilis  LC 919 Colombia JT JT JT 
   Guaduinae      
Guadua angustifolia  XL & LC 931 Colombia JT JT JT 
Otatea acuminata  LC 1312 Mexico (cult.) JT JT JT 
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Table 1. (continued) 
 
Taxa Voucher No. Source Genbank accession numbers 
GPA1 Pabp1 PvCel1 
III Herbaceous bamboos          
*Buergersiochloa 
bambusoides 
SD 1365 Irian Jaya JT JT JT 
Olyra latifolia  LC 911 Colombia JT JT JT 
IV Temperate woody bamboos         
Arundinaria gigantea  JT 197 United States JT JT JT 
Phyllostachys 
bambusoides 
JT 121 U.S.A. (cult.) JT JT JT 
Outgroup taxa          
Pooideae          
Brachyelytrum erectum JT 199b Iowa, U.S.A. JT JT JT 
Ehrhartoideae           
Oryza sativa 30416 Genbank  AY792541   JT 
 
Voucher abbreviations: BI – Bogor Botanical Gargens, Indonesia; JD – John 
Dransfield; JT – Jimmy Triplett; JGSK – J. Gabriel Sanchez-Ken; LC – Lynn Clark; M – 
Chakkrapong Rattamanee; SD – Soejatmi Dransfield; UM – University of Malaysia; 
WKM – Wong Khoon Meng; XL – Ximena Londoño 
 
DNA isolation, amplification, cloning, and sequencing 
 Total genomic DNA was extracted from silica gel-dried leaves using 
DNeasy® Plant Mini kits (Qiagen, Valencia, California, USA) with a modified 
protocol (Triplett and Clark 2010) or the CTAB-isopropanol procedure (Paterson 
et al. 1993). The primers and protocols are shown in table 2.  The polymerase 
chain reactions (PCRs) were amplified in 25 µL volumes containing 1 µL 
genomic DNA, 9.5 µL nuclease-free water, 1 µL of both forward and reverse 
primers, 12.5 µL Gotaq Green Master Mix kit (Promega, Madison, Wisconsin, 
USA).  All amplifications were performed on a MJ Research PTC-200 thermal 
cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) or Perkin-Elmer Applied 
Biosystems GeneAmp PCR System 9600 thermocycler.  All PCR amplifications 
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were employed as follows: initial denaturation phase at 950C for 5 min, 35 cycles 
of amplification at 950C for 30 sec, annealing phase at 490C for 45 sec (Pabp1 
and PvCel1) or 540C for 45 sec (GPA1), and extension at 720C for 1 min 20 sec, 
with a final extension of 720C for 15 min prior to holding at 100C forever. 
 
Table 2. Nuclear DNA primers and PCR parameters protocol for amplification 
and sequencing in each region. 
DNA 
Region 
Location Primer sequences (5' to 3') PCR Parameters 
(All end with 10ºC 
hold) 
References 
GPA1 Chromosome 
5 
GPA1-FF: 
GCAAGAGTACGGACAAATGGTG 
GPA1-14R: 
GCTTGCTGCTCTGGAAGTAG 
95
0
C, 5 min; 35x 
(95
0
C, 30 sec; 54
0
C, 
45 sec; 72
0
C, 1 min 20 
sec); 72
0
C, 15 min. 
modified from 
Guo and Ge 
(2005) 
Pabp1 Chromosome 
4 
Pabp1_for: 
GCTTGTCCGTAGAAGAGTTG 
Pabp1_rev2: 
GTGTTAGCAAAGGGTCTGGATTT 
95
0
C, 5 min; 35x 
(95
0
C, 30 sec; 49
0
C, 
45 sec; 72
0
C, 1 min 20 
sec); 72
0
C, 15 min. 
modified from 
Triplett et al. 
(2012) 
PvCel1 Chromosome 
9 
PvCel1_for: 
GCCAACATGGTTCAGTTGG 
PvCel1_rev: 
CGCCCCTCTGTGGTGTAC 
95
0
C, 5 min; 35x 
(95
0
C, 30 sec; 49
0
C, 
45 sec; 72
0
C, 1 min 20 
sec); 72
0
C, 15 min. 
modified from 
Triplett et al. 
(2012) 
 
 DNA bands were separated by agarose gel electrophoresis using gel E-
Gel® CloneWell 0.8% SYBR® Safe gels with E-Gel® iBase™ Power System 
(Invitrogen).  The purified PCR products were cloned into the TOPO-TA vectors 
(Invitrogen) following the manufacturer’s instructions, except that all ligation 
reaction volumes were halved.  The transformation reactions were incubated in 
SOC solution (TOPO-TA kit, Invitrogen) on a shaker for 1-1.5 hours at 370C, 200 
rpm, and then spread on each pre-warmed LB agar plate containing ampicillin 
and X-Gal (Promega) for incubation at 370C for 16-18 hours.  The white 
transformed cells were selected from 6-12 colonies to be representative of 
recombinant plasmids in each individual taxon.  All selected colonies were 
72 
 
screened using vector primers M13F-20 and M13R from TOPO-TA Kit 
(Invitrogen).  All plasmids were purified with 3 µL diluted Exo-SAP-IT (Affymetrix) 
by 1: 5 Exo-SAP-IT: sterile water.  The purified recombinant plasmids were 
sequenced using BigDyeTM Terminators V 3.1 (Applied Biosystems Inc., Foster 
City, CA, USA) to produce complementary strands, and sequence products were 
cleaned with sephadex plates or Edge Biosystems clean-up plates.  Sequences 
were performed on the Automated 3730xl DNA Analyzer (Perkin-Elmer, Applied 
Biosystems) at the DNA Facility of the Iowa State University Office of 
Biotechnology. 
 
Phylogenetic analyses 
In the analysis of concatenated nuclear sequence data, only one copy 
within the genomic component is selected from multiple allelic copies by taking 
the copy with the longest sequence and the highest number of representative 
sequences from 6-12 colonies.  Recombinant sequences were checked for base-
calling errors with the program 4Peaks 1.7.2 (Griekspoor and Groothuis 2006) 
and ambiguous bases were rectified by manual adjustment.  The adjusted 
sequences were manually assembled and aligned using the program Se-Al 
version 2.0a11 (Rambaut 2002).  Missing data was scored for unsequenced 
genomic copies in the combined dataset.  The individual sequences are 
accessible in GenBank (Table 1).   
The incongruence length difference (ILD) test (Farris et al. 1995a, 1995b) 
was used to examine statistical homogeneity of the individual and combined 
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datasets (Barker and Lutzoni 2002) prior analyses with PAUP* 4.0b10 (Swofford 
2002) using 1,000 replicates in a heuristic search with random taxon addition.  
The individual and combined nuclear DNA regions with gaps and indels were 
analyzed using Maximum Parsimony (MP), Maximum Likelihood (ML), and 
Bayesian inference (BI).  MP and ML bootstrap support (MPBS, MLBS) values ≥ 
80% and Posterior Probabilities (PP) ≥ 0.90 were calculated on the resulting 
topologies. 
 MP analyses using PAUP* 4.0b10 were conducted using the heuristic 
search option with 1,000 replicates of random stepwise additions of sequence 
and tree bisection and reconnection (TBR) branch swapping.  Strict and 50% 
majority consensus trees were calculated.  The MP bootstraps were calculated 
by 1000 bootstrap replicates in PAUP* 4.0b10 using simple addition sequence 
and TBR branch swapping. 
 The evolutionary model of the individual and combined nDNA regions was 
evaluated by a hierarchical likelihood ratios test (hLRT) using jModelTest 2.1 
(Guindon and Gascuel 2003; Darriba et al. 2012).  The Akaike Information 
Criterion (AIC) was employed to select the best model.  The selected model with 
base frequencies, rate variation, and substitution rate are shown in Table 3.  The 
AIC selected model was used for phylogenetic reconstruction based on the ML 
and BI analyses.  
  ML analyses were computed using raxmlGUI version 1.3 (Silvestro and 
Michalak, 2012) with 1000 rapid bootstrap analyses following the general time 
reversible (GTR) model with a gamma distribution of substitution rates (G) and 
74 
 
estimates of invariant characters (I).  BI analyses were carried out in MrBayes 
version 3.1.2 (Ronquist and Huelsenbeck 2003; Ronquist et al. 2005).  The 
GTR+G+I model (Huelsenbeck and Rannala, 2004) was used for separate gene 
partitions.  Four Markov chain Monte Carlo (MCMC) were run with a random 
starting tree and sampling one tree every 1,000 generations of 50,000,000 
generations.  The first 10,000 generations of chain were used as “burn in”.  The 
consensus tree showed the posterior probabilities on each node.  The bootstrap 
values ≥ 80% from MP and ML analyses (MPBS, MLBS) and the posterior 
probabilities (PP) ≥ 0.90 from BI analysis were present on the consensus 
topologies. 
 
Alternative hypothesis testing (SH Test) 
 The Shimodaira-Hasegawa (SH) test was used to examine alternate 
evolutionary hypotheses with ML topologies comparison (Shimodaira and 
Hasegawa 1999).  Representatives of Bambusoideae and PWB were used to 
test alternate hypotheses of the phylogenetic relationships such as monophyly of 
tropical bamboos, and monophyly of the core Bambusinae + CDMNPS 
(Cyrtochloa-Dinochloa-Mullerochloa-Neloleba-Parabambusa-Pinga-
Sphaerobambos) clade.  Since SH test results were dependent on the model 
(Buckley et al., 2001), alternative hypothesis tests were conducted between 
unconstrained and constrained maximized likelihood estimate (MLE) topologies 
under GTR + I + G model, and significant difference was determined by an 
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attained significance value of p = 0.05 for a test distribution derived from 10,000 
RELL bootstrap replicates in PAUP*. 
 
RESULTS 
DNA sequences 
 The sequence statistics for the three low-copy nuclear markers are 
summarized in Table 3.  The length of aligned nDNA sequences ranged from 
1356 bp (PvCel) to 2787 bp (Pabp1).  The individual low-copy nuclear DNA 
genes produced multiple clones of diploid and polyploid species.  The letters A-E 
were chosen to represent genomic copies in the woody bamboos and letter H in 
the herbaceous bamboos (Table 4) following Triplett et al. (in review).  Genomic 
copies in temperate woody bamboos (TWB) were indicated with A and B.  
Additionally, C, D, and E denote genomic copies in PWB and NWB.  Some 
species presented variations of cloned sequences in the same copy such as 
Dendrocalamus asper, Parabambusa kaini, Melocanna baccifera, 
Racemobambos hepburnii, Phyllostachys bambusoides in GPA1, 
Schizostachyum blumei in Pabp1, and Valiha diffusa in PvCel1. 
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Table 3. Information of model testing, and MP analyses of individual and 
combined datasets. 
  GPA1 Pabp1 PvCel1 Combined 
nDNA 
Combined 
genomic 
nDNA 
Total aligned sequence 
characters (bp) 
2022 2787 1356 6019 11270 
Homogeneity p-values 1.000 1.000 1.000 0.001 0.001 
Constant characters (bp) 1219 2167 704 3844 8583 
Number of parsimony-
informative characters 
(PIC) 
450 343 376 1264 1387 
MP tree length 1561 1105 1347 4322 3918 
Consistency index (CI) 0.7066 0.7548 0.6852 0.7001 0.8203 
Homoplasy index (HI) 0.2934 0.2452 0.3148 0.2999 0.1797 
Retention index (RI) 0.8058 0.8180 0.8438 0.8286 0.8155 
Rescaled consistency 
index (RC) 
0.5694 0.6174 0.5782 0.5802 0.6689 
AIC Model GTR+I+G TIM2+I+G TIM2+I+G TVM+I+G GTR+I+G 
 
Phylogenetic analyses based on nDNA genome clades 
 The two outgroup species (Brachyelytrum erectrum and Oryza sativa) 
each presented only one genomic copy.   However, the members of 
Bambusoideae exhibited variations in genomic copy (Table 4): only genome H 
was displayed in the two sampled species of herbaceous bamboos 
(Buergersiochloa bambusoides and Olyra latifolia); A and B in TWB (Arundinaria 
gigantea and Phyllostachys bambusoides); and three genomic copies of C, D, 
and E in representative PWB species, especially in Bambusinae, CDMNPS, and 
Temburongia simplex, except that GPA1 yielded only two genomic copies, C and 
D.  Moreover, all nDNA markers showed only copies of C and D in the species of 
subtribe Melocanninae, and NWB.  Within the Bambuseae, CD is the basic 
genomic composition for almost all sampled species in the three nDNA genes 
excluding Cathariostachys capitata and Hickelia madagascariensis in GPA1; 
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Bambusa vulgaris, Dendrocalamus asper, Gigantochloa atter, Pseudostachyum 
polymorphum, Schizostachyum caudatum, Racemobambos hepburnii, 
Temburongia simplex, Hickeliinae species, OWB species, and Chusqueinae 
species in Pabp1; and Valiha diffusa in PvCel1. 
Phylogenetic analysis of combined low-copy nuclear markers with 6019 
aligned sequence characters of different clones based on the MP approach gave 
a tree length = 4322 containing consistency index (CI) = 0.7001, homoplasy 
index (HI) = 0.2999, and retention index (RI) = 0.8286 (Table 3).  The results of 
MP analyses of individual nDNA partitions are shown in Table 3.  The ML 
analysis showed the optimization likelihood score as -34106.3222.  The 
likelihood scores from BI analysis are -31432.58 and -31439.43 regarding total 
arithmetic mean = -31446.43 and harmonic mean = -31502.79.  Support values 
of more than 80% for bootstrap support (MPBS/MLBS) values from MP and ML 
analyses and more than 90% for posterior probability (PP) from BI analysis are 
shown on the combined consensus tree (Fig. 1). 
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Table 4. Chromosome number and genomic components of representative 
bamboo species: type species for a genus in boldface; * = monotypic genus. 
Taxa Chromosome number  Genomic components 
GPA1 Pabp1 PvCel1 
Bambusoideae         
I Paleotropical woody bamboos       
   Bambusinae          
Bambusa vulgaris  2n = 70±2 (68, 70, 72), 67, 62, 52 (Li et 
al. 2001) 
CD DE CDE 
Dendrocalamus asper  2n = 70±2 (68, 70) (Chen et al. 2003) CD1D2 DE CDE 
Dendrocalamus latiflorus  2n = 70±2 (72, 68), 64 (Li et al. 2001); 
2n = 48, 64, 72 (Zhang 1985) 
CD CDE CDE 
Gigantochloa atter  2n = 70 (Ghorai and Sharma 1981) CD DE CDE 
Oxytenanthera abyssinica* 2n = 72 (Reeder and Singh 1967; 
Wong 1995) 
CD CDE CDE 
   CDMNPS lineage         
Neololeba atra*  - CD D CDE 
Parabambusa kaini*  - C1C2D D CDE 
   Temburongia lineage         
Temburongia simplex* - CD DE CDE 
   Racemobambosinae          
Racemobambos hepburnii  - C1C2D D CE 
   Hickeliinae          
Cathariostachys capitata  - C DE CD 
Hickelia madagascariensis - C DE CDE 
Valiha diffusa  - CD DE DE1E2 
   Melocanninae         
Melocanna baccifera 2n = 65, 68, 70-72 (Li et al. 2001);  
2n = 72 (Chen et al. 2003) 
C1C2D CD CD 
Pseudostachyum 
polymorphum* 
2n = 48 (Sobita Devi and Sharma 
1993); 2n = 70, 69, 68, 66, 64, 44, 43, 
42 (Li et al. 2001) 
CD D CD 
Schizostachyum blumei - CD CD1D2 CD 
Schizostachyum caudatum  - CD D CD 
II Neotropical woody bamboos       
   Arthrostylidiinae         
Aulonemia queko  - CD CD CD 
Rhipidocladum 
harmonicum 
- CD CD CD 
   Chusqueinae         
Chusquea scandens  2n = 40 (Pohl and Clark 1992) CD - CD 
Chusquea spectabilis  2n = 48 (Gould and Soderstrom 1970) CD D CD 
   Guaduinae         
Guadua angustifolia  2n = 46 (Chen et al. 2003) CD CD CD 
Otatea acuminata  - CD CD CD 
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Table 4. (continued) 
Taxa Chromosome number  Genomic components 
GPA1 Pabp1 PvCel1 
III Herbaceous bamboos         
*Buergersiochloa 
bambusoides 
- H H H 
Olyra latifolia  2n = 22 (Pohl and Davidse 1971; 
Davidse and Pohl 1972), 2n = 44 
(Davidse and Pohl 1974; Hunziker et 
al. 1982) 
H H H 
IV Temperate woody bamboos       
Arundinaria gigantea  2n = 48 (Gould 1960) AB AB AB 
Phyllostachys 
bambusoides 
2n = 48 (Judziewicz et al. 1999) A1A2B1B2 AB AB 
Outgroup taxa         
Pooideae         
Brachyelytrum erectum 2n = 22 (Plante 1995)    
Ehrhartoideae         
Oryza sativa 2n = 24 (Gould and Soderstrom 1974)       
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Figure1. Consensus tree of PWB and allies inferred from GPA1, Pabp1, and PvCel1 
genes, showing the ML topology. Numbers above branches indicate bootstrap support 
from MP and ML (MPBS/MLBS) analyses >80% and the number below the branches 
shows the posterior probability (PP) >90% from the BI analysis, respectively. 
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The phylogenetic tree among various genomic clones based on combined 
low-copy nuclear markers exhibited six major clades (A-E, H) of all sampled 
species.  Clade A included both species of Arundinarieae (Arundinaria gigantea 
and Phyllostachys bambusoides) with high support (100 MPBS, 100 MLBS, 1.00 
PP) and sister to clades B + C.  Clade B (100 MPBS, 100 MLBS, 1.00 PP) also 
contained the members of Arundinarieae with high support and was sister to 
clade C having 100 MPBS, 100 MLBS, and 1.00 PP.  All representative species 
of tribe Bambuseae (PWB and NWB) fell in both C and D clades.  However, 
clade D (100 MPBS, 100 MLBS, 1.00 PP) was more closely related to clade E 
than to clade C with 0.99 PP, but received no MPBS and MLBS support.  Clade 
E (100 MPBS, 100 MLBS, 1.00 PP) included only members of PWB except 
Melocanninae species.  All herbaceous species belong to clade H (100 MPBS, 
100 MLBS, 1.00 PP).  However, this tree showed that Olyreae was sister to a 
clade containing the woody bamboo tribes (Bambuseae and Arundinarieae) with 
98 MPBS and 0.99 PP (no MLBS). 
 
Phylogenetic analyses based on combined genomic nDNA sequences 
MP analysis of the combined genomic low-copy nuclear data treated as 
independent datasets with 11,270 bp in aligned genomic nDNA sequences 
produced a tree length = 3,918 including CI = 0.8203, HI = 0.1797, and RI = 
0.8155 (Table 3).  The optimization likelihood score from ML analysis was -
36435.6613.  BI analysis showed likelihood scores of -36439.54 and -36440.50 
with the total arithmetic mean = -36450.19 and harmonic mean = -36484.37.  The 
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evolutionary relationships of bamboos are shown in Figure 2 based on the ML 
analysis.  
The Bambusoideae (100MPBS, 92 MLBS, 0.99 PP) consisted of two well-
supported clades in this analysis: the woody bamboos (Bambuseae + 
Arundinarieae:  100 MPBS, 100 MLBS, 1.00 PP) and the herbaceous bamboos 
(Olyreae: 100 MPBS, 100 MLBS, 1.00 PP).  Within the woody bamboos, the 
TWB clade (Arundinarieae) was strongly supported as a monophyletic group 
(100 MPBS, 100 MLBS, 1.00 PP) and sister to the strongly supported tropical 
woody bamboos (Bambuseae: 100 MPBS, 100 MLBS, 1.00 PP).  The tropical 
woody bamboos in turn consisted of two clades; the paleotropical and the 
Neotropical woody bamboos.  Monophyly of the PWB had relatively high support 
values with 100 MPBS, 100 MLBS and 1.00 PP.  The NWB clade was 
reasonably well supported as a monophyletic group with 91 MPBS, 98 MLBS, 
and 0.93 PP.  Each of the two constituent clades of the NWB was strongly 
supported: the Chusqueinae clade with 100 MPBS, 100 MLBS and 1.00 PP and 
the Arthrostylidiinae + Guaduinae clade with 100 MPBS, 100 MLBS and 1.00 PP 
(Fig. 3). 
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Figure 2. Evolutionary tree of paleotropical woody bamboos and allies based on combined 
genomic low-copy nDNA sequences: type species for a genus in boldface; * = monotypic genus, 
B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-Mullerochloa-Neololeba-Parabambusa-
Pinga-Sphaerobambos clade, H = Hickeliinae, M = Melocanninae, R = Racemobambosinae, T = 
Temburongia clade, NWB = Neotropical woody bamboos, Ar = Arthrostylidiinae, C = 
Chusqueinae, G = Guaduinae, A = Arundinarieae, O = Olyreae, P = Pooideae, E = 
Ehrhartoideae. 
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Figure 3. Consensus tree of paleotropical woody bamboos and allies based on 
combined genomic low-copy nDNA sequences: type species for a genus in boldface; * = 
monotypic genus, B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-Mullerochloa-
Neololeba-Parabambusa-Pinga-Sphaerobambos clade, H = Hickeliinae, M = 
Melocanninae, R = Racemobambosinae, T = Temburongia clade, NWB = Neotropical 
woody bamboos, Ar = Arthrostylidiinae, C = Chusqueinae, G = Guaduinae, A = 
Arundinarieae, O = Olyreae, P = Pooideae, E = Ehrhartoideae.  Branches are labeled 
with taxon names and support values on the ML tree: above the branch parsimony 
bootstrap/likelihood bootstrap (MPBS/MLBS), below the branch Bayesian posterior 
probability (PP). 
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The PWB clade consists of six currently recognized lineages: 
Bambusinae, Melocanninae, Racemobambosinae, Hickeliinae, CDMNPS, and 
Temburongia.  The topology shows a polytomy among these lineages within the 
PWB clade. The core Bambusinae forms a well-supported monophyletic group 
(100 MPBS, 100 MLBS, 1.00 PP).  Melocanninae is strongly supported as 
monophyletic (100 MPBS, 100 MLBS, 1.00 PP).  The Madagascan species form 
the Hickeliinae clade (100 MPBS, 100 MLBS and 1.00 PP).  A representative 
species of Racemobambosinae, Racemobambos hepburnii, is sister to the OWB 
clade (100 MPBS, 85 MLBS, 1.00 PP) with 84 MLBS and 1.00 PP, but without 
MP support. 
 
Hypothesis testing 
 The topology from the combined genomic nDNA dataset was examined 
for two alternative hypotheses by the Shimodaira-Hasegawa (SH) test using 
PAUP*.  Monophyly of tropical bamboos (Bambuseae + Olyreae) is rejected (p = 
0.0114*) and monophyly of the core Bambusinae + CDMNPS bamboos is also 
rejected with p = 0.0324* (Table 5).  
 
Table 5. Hypotheses concerning alternate relationships of Bambusoideae. All 
hypotheses were tested under ML analysis using the Shimodaira-Hasegawa 
(SH) test at p < 0.05. 
Hypothesis Results of test 
1. Monophyly of tropical bamboos significantly different (p=0.0114*) 
2. Bambusinae and CDMNPS bamboos form  
a monophyletic group 
significantly different (p=0.0324*) 
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DISCUSSION 
Genomic relationships within Bambusoideae 
 The evolution of genomic composition within Bambusoideae is seen 
mainly as changes in the ploidy levels of bamboos, resulting probably from 
ancestral hybridization events in woody bamboos (Triplett et al. in review).  Most 
of the Olyreae are diploids with variation in the base chromosome number of x = 
(7, 9) 10, 11, and 12 (Pohl and Davidse 1971; Davidse and Pohl 1972; Hunziker 
et al. 1982; Clayton and Renvoize 1986; Hilu 2004; BPG 2012).  Therefore, one 
genomic component is assumed to be characteristic of the herbaceous bamboos 
and is designated as genome H, following Triplett et al. (in review).   
All tropical and temperate woody bamboos are polyploids (Table 4).  
Although the majority of Chusqueinae show a base chromosome number of x = 
10, some species have x = 11 or 12.  The two known counts of Arthrostylidiinae 
(Aulonemia pumila and A. amplissima) are x = 10 (Pohl and Clark 1992), and the 
base number in Guaduinae is x = 12, with aneuploid reduction in some 
(Judziewicz et al. 1999; Chen et al. 2003).  All available chromosome counts for 
Neotropical woody bamboos thus indicate a basic pattern of tetraploidy (Gould 
and Soderstrom 1970; Pohl and Clark 1992; Chen et al. 2003; BPG 2012).  
Additionally, the PWB are fundamentally hexaploid bamboos with a base 
chromosome number of x = 10 or 12 (Richharia and Kotval 1940; Reeder and 
Singh 1967; Zhang 1985; Ghori and Sharma 1981; Christopher and Abraham 
1971; Sobita Devi and Sharma 1993; Dransfield and Widjaja 1995; Wong 1995; 
Li et al. 2001; Chen et al. 2003; BPG, 2012), even though some species are 
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reported to have both hexaploid and/or tetraploid complements, such as 
Bambusa multiplex,  Dendrocalamus latiflorus, D. membranaceus and 
Pseudostachyum polymorphum (Gould and Soderstrom 1974; Zhang 1985; 
Sobita Devi and Sharma 1993; Li et al. 2001), and Neohouzeaua dulloa showed 
aneuploidy (Seethalakshmi and Muktesh Kumar 1998).   Moreover, the base 
chromosome number of x = 12 is also found in the TWB (Gould 1960; Judziewicz 
et al. 1999; BPG 2012).  Therefore, the inferred ancestral base chromosome 
number of the woody bamboos, both temperate and tropical, is hypothesized as 
x = 12 (Soderstrom 1981; Hunziker et al. 1982; Clayton and Renvoize 1986; 
Hunziker and Stebbins 1987; Hilu 2004; BPG 2012).   
Consequently, two or three genomes can be expected in the woody 
bamboos.  The TWB and NWB, each of which is a tetraploid lineage (GPWG 
2001; BPG 2012), present two genomes (Fig. 1).  The TWB, derived from the two 
different parental genomes A and B (genomic nomenclature following Triplett et 
al. in review), are allopolyploids, as reported by Triplett et al. (in review).  The 
representatives of the NWB display the C and D genomes, which are the basic 
genomes of the tropical woody bamboos identified by Triplett et al. (in review) 
and confirmed by this investigation.  However, one sampled taxon (Chusquea 
spectabilis) of the NWB shows only one genome of D in the pabp1 region.  This 
problem of genomic expression might be due to a DNA segment that can move 
by duplicating itself and inserting the copy into a new location within the genome 
(jumping gene or transposon), lineage sorting, epigenetic alterations, rapid 
genetic, genomic evolution, or gene silencing, which affects the disappearance of 
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genomic transcription and often occurs in polyploids (Feldman et al. 1997; 
Scheid et al. 1996; Wendel 2000; Kashkush et al. 2002; He et al. 2003; Liu and 
Wendel 2003; Levy and Feldman 2004; Adams and Wendel 2005; Tate et al. 
2005; Feldman and Levy 2012).  Technically, since the representatives of 
colonies are randomly selected during the cloning, it is possible that the D copy 
failed to amplify. 
 Since the majority of PWB species are considered to be hexaploid 
(Reeder and Singh 1967; Soderstrom 1981; Zhang 1985; Li et al. 2001; Chen et 
al. 2003; BPG 2012; Goh et al. 2013), three genomes should be expected in the 
members of the PWB, designated as genomes C, D, and E (Triplett et al. in 
review).  Nevertheless, the genomic components of the representative PWB in 
this study vary from one to three genomes (Table 4) involving the C, D, CD, DE, 
and CDE genome combinations.  This divergence of genomic components in the 
PWB could be the result of allelic variation, hybridization, transposon relocation, 
lineage sorting, gene silencing, epigenetic alterations, rapid genetic, genomic 
evolution, or colony randomness for sequencing (Galili and Feldman 1984; 
Feldman et al. 1997; Scheid et al. 1996; Wendel 2000; Kashkush et al. 2002; He 
et al. 2003; Liu and Wendel 2003; Levy and Feldman 2004; Adams and Wendel 
2005; Tate et al. 2005; Feldman and Levy 2012).   
 The impacts of evolutionary alterations in polyploids lead to genetic 
variability involving increasing ability in adaptive behavior, fitness, competition, 
and heterosis (Stebbins 1940; Jackson 1976; Levy and Feldman 2002; Adams 
and Wendel 2005; Comai 2005; Feldman and Levy 2009).  The polyploid 
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bamboos display not only two or three genomic components, but some 
representatives of PWB also exhibit multiple copies (alleles) within a given 
genome (Fig. 1 and Table 4).  For example, Valiha diffusa has two E genome 
copies, Dendrocalamus asper and Schizostachyum blumei each have two D 
genome copies, and Parabambusa kaini, Melocanna baccifera, and 
Racemobambos hepburnii each present two copies of the C genome.  
Furthermore, one species from the TWB (Phyllostachys bambusoides) shows 
multiple copies in both genomes A and B.  Allelic variation provides different 
copies within the same taxon by allelic insertion/deletion or nucleotide 
polymorphism (Fu and Dooner 2002; Guo et al. 2004).  This divergence of alleles 
at the intraspecific level does not affect interspecific relationships on the 
phylogenetic tree in this study (Fig. 1). 
The associations of genomic clades are summarized in a hypothetical 
phylogenetic network in Fig. 4.  This model would imply that the common 
ancestor of bamboos would descend from diploid species (Soderstrom 1981; 
Goh et al. 2013; Triplett et al. in review).  Additionally, these analyses clearly 
support Triplett et al.’s (in review) conclusions that the two tetraploid lineages, 
TWB and tropical woody bamboos, each are derived through allotetraploidy from 
different sets of diploid ancestors.  The hexaploid PWB could have originated 
through at least one additional round of polyploidization through the acquisition of 
genome E by hybridization between a tetraploid and a diploid genome followed 
by chromosome doubling (Feldman et al. 1997; Ainouche et al. 2003; Levy and 
Feldman 2004). 
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Figure 4. A hypothetical phylogenetic network deduced from genomic components 
showing the relationships among the diploid, tetraploid, and hexaploid lineages of 
Bambusoideae.  Bars indicate genomic components giving support for the particular 
branch.  The asterisk denotes that genomes C, D, and E were found in some but not all 
species in PWB. 
 
Phylogenetic relationships within Bambusoideae and monophyly of woody 
bamboos 
 All taxa of bamboos are clustered into a monophyletic group (subfamily 
Bambusoideae) with high support (Fig. 3) consistent with analyses of plastid data 
with sufficient sampling that also show strong support for the monophyly of the 
Bambusoideae (Zhang and Clark 2000; GPWG 2001; Clark et al. 2007; 
Bouchenak-Khelladi et al. 2008, 2010; Sungkaew et al. 2009; BPG 2012; 
Kelchner et al. 2013; Chokthaweepanich et al. unpubl. data).  There are three 
distinct lineages recognized as tribes within Bambusoideae with high support: 
Arundinarieae, Bambuseae, and Olyreae (Figs. 2 and 3).  Each tribe is a 
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monophyletic group consistent with prior studies based on both plastid and 
nuclear sequence data (Peng et al. 2008; Sungkaew et al. 2009; Triplett and 
Clark 2010; Zhang et al. 2012b; Kelchner et al. 2013; Chokthaweepanich et al. 
unpubl. data).  Most previous plastid sequence analyses resolve the tropical 
woody bamboos and herbaceous bamboos as sister, forming a tropical bamboo 
clade.  The tropical bamboos, moreover, are sister to temperate woody bamboos 
(Sungkaew et al. 2009; Triplett and Clark 2010; Bouchenak-Khelladi et al. 2010; 
Triplett and Clark 2010; BPG 2012; Kelchner et al. 2013; Chokthaweepanich et 
al. unpubl. data).  On the contrary, our results strongly support monophyly of the 
woody bamboos, which are resolved as sister to the herbaceous bamboos with 
high confidence (Fig. 3).  These results are consistent with Triplett et al. (in 
review) and agree with Zhang and Clark (2000)’s analyses based on ndhF 
sequences and also endorse the hypothesis testing in Kelchner et al. (2013) in 
that they could not reject the monophyly of woody bamboos.  Additionally, 
monophyly of tropical bamboos (tropical woody bamboos + herbaceous 
bamboos) is rejected based on our results (Table 5). 
From a morphological perspective, the bamboos can be distinguished 
from their relatives by the presence of asymmetrically invaginated arm cells in 
the leaf mesophyll as seen in transverse section (Zhang and Clark 2000; BPG 
2012).  The woody bamboo clade is distinguished by a unique combination of 
morphological characters: lignified culms, complex aerial branching, culm leaves, 
outer ligules in the foliage leaves, bisexual spikelets, monocarpic and gregarious 
flowering, and polyploidy; whereas unisexual and usually dimorphic spikelets, 
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usually seasonal flowering and diploid chromosome numbers are characteristic 
of herbaceous bamboos, with olyroid (crenate) and cruciform silica bodies 
present in all but Buergersiochloa, the earliest-diverging lineage of the tribe 
(Zhang and Clark 2000; Judziewicz and Clark 2007; BPG 2012).  Although there 
is no morphological synapomorphy to define the temperate and tropical woody 
bamboo clades, each clade can be identified by a combination of geographic 
distribution, rhizome type, branch development, and chromosome number.  Most 
Arundinarieae are distributed in the north temperate zone and they have 
leptomorph rhizomes (although some genera have only pachymorph rhizomes), 
basipetal branch development, and tetraploidy (2n = 48); while the majority of 
members of Bambuseae are distributed in the tropics and have pachymorph 
rhizomes (except Chusquea, in which some are amphimorph), acropetal (or 
bidirectional) branch development, and tetraploidy (2n = 40, 44 or 48) or 
hexaploidy (2n = 72) (Zhang and Clark 2000; BPG 2012). 
 
Phylogenetic relationships within Bambuseae  
 The species within Bambuseae are divided into two major clades, the 
NWB and the PWB (Fig. 3), consistent with prior investigations (Sungkaew et al. 
2009; BPG 2012; Kelchner et al. 2013; Chokthaweepanich et al. unpubl. data).  
However, support for the NWB recovered in this study is notably higher than in 
these other studies, especially with reference to the MPBS and MLBS values.  
The NWB clade comprises three subtribes, the Arthrostylidiinae, Chusqueinae, 
and Guaduinae (Kelchner and Clark 1997; Fisher et al. 2009; Tyrrell et al. 2012; 
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Kelchner et al. 2013).  Each subtribe is distinguishable through a set of structural 
synapomorphies or a unique combination of characters: the presence of 
intercostal sclerenchyma and a simple midrib in Arthrostylidiinae; the presence of 
two papillae on each subsidiary cell and a spikelet structure of four glumes, one 
female-fertile floret, and no rachilla extension for the Chusqueinae; and well 
developed papillae and ample stomates on the adaxial epidermis in the 
Guaduinae (BPG 2012).  Although sampling is limited, we recovered the 
Arthrostylidiinae as sister to Guaduinae, with that clade sister to the 
Chusqueinae, all with maximal support, confirming the results of previous studies 
based on chloroplast sequence data (Kelchner and Clark 1997; Clark et al. 2007; 
Judziewicz and Clark 2007; Fisher et al. 2009; Sungkaew et al. 2009; Kelchner et 
al. 2013; Chokthaweepanich et al. unpubl. data). 
 
Phylogenetic relationships of PWB  
The PWB is supported as a monophyletic group with high confidence and 
four subtribes are recovered: Bambusinae, Hickeliinae, Melocanninae, and 
Racemobambosinae.  Subtribe Bambusinae is separated into three major 
lineages including core Bambusinae (consisting of three major genera: Bambusa, 
Dendrocalamus, and Gigantochloa), CDMNPS group, and Temburongia (Fig. 3), 
which is consistent with the phylogenetic relationships derived from the plastid 
data analyses (Chokthaweepanich et al. unpubl. data), but there is no resolution 
among these lineages in the nuclear analysis. 
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Although these nuclear results affirm the monophyly of the core 
Bambusinae from the plastid analyses (Goh et al. 2013; Kelchner et al. 2013; 
Chokthaweepanich et al. unpubl. data), members in core Bambusinae still form a 
polytomy in the nuclear topology.  Taxon augmentation might be a way to dispel 
this systematic complication within this subtribe (Sang 2002; Zhang and Hewitt 
2003; Small et al. 2004; Zimmer and Wen 2012), but sample selection should be 
strongly considered because incomplete lineage sorting and introgressive 
hybridization are likely causes of the lack of resolution in the core Bambusinae, 
and increasing the number of taxa could not resolve this problem in the nuclear 
analysis of Goh et al. (2013).  Moreover, the African bamboo, Oxytenanthera 
abyssinica, is clustered within the core Bambusinae, which also has been found 
in analyses of plastid sequence data (Yang et al. 2008; Sungkaew et al. 2009; 
Kelchner et al. 2013; Chokthaweepanich et al. unpubl. data).  Even though no 
morphological synapomorphies are found for Bambusinae (BPG 2012), this 
subtribe in the broad sense is distinguished from the other subtribes of PWB by 
molecular analyses, although sometimes without strong support (Sungkaw et al. 
2009; Goh et al. 2013; Kelchner et al. 2013; Chokthaweepanich et al. unpubl. 
data). 
This analysis verifies that the CDMNPS bamboos disunite from the core 
Bambusinae and form a CDMNPS clade, consistent with previous studies that 
include sampling of these taxa (Goh et al. 2013; Chokthaweepanich et al. unpubl. 
data).  An alternate hypothesis test of the monophyly of core Bambusinae + 
CDMNPS based on the concatenated nuclear data is rejected (Table 5).  
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Moreover, the relationship of Neololeba atra and Parabambusa kaini receives 
higher support on the nuclear topology than on the plastid tree, specifically in the 
MPBS and MLBS values.   This investigation also recovers a sister relationship 
between CDMNPS and Racemobambosinae as seen in a plastid analysis 
(Chokthaweepanich unpubl. data) and a nuclear GBSSI analysis (Goh et al. 
2013).  However, this sister relationship receives no support in either nuclear 
analysis and support only from BI in the plastid analysis.  Biogeographically, the 
distribution of Racemobambosinae and CDMNPS are consistent because they 
are broadly distributed in Borneo, the Malay Peninsula, Indonesia, New Guinea, 
and the Moluccas.  Morphologically, most CDMNPS are scrambling bamboos, 
the same habit as seen in Racemobambosinae (Dransfield 1983; Dransfield and 
Widjaja 1995; Widjaja 1997; Ohrnberger 1999), so this relationship needs to be 
explored further through increasing sampling of Racemobambosinae taxa and 
more geographically-directed species selection (Goh et al. 2013). 
Temburongia simplex, a monotypic genus from Brunei (Dransfield and 
Wong 1996), is defined as a member of the subtribe Bambusinae according to 
the BPG (2012).  The unique features of this species are culm nodes with a 
conspicuous nodal patella and horn-like auricles (Goh et al. 2013).  In this study, 
Temburongia falls out by itself within the PWB, which endorses other 
suggestions that T. simplex should be segregated from the other lineages of 
PWB (Sungkaew et al. 2009; Goh et al. 2013; Chokthaweepanich et al. unpubl. 
data).  However, there is no support for the placement of the Temburongia clade 
based on the nuclear data, whereas this sister relationship between T. simplex 
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and Fimbribambusa horsfieldii has high MLBS and PP support from plastid data 
in Chokthaweepanich et al. (unpubl. data).  Clearly, this relationship should be 
tested by including F. horsfieldii in a nuclear analysis. 
This study confirms the monophyly of Madagascan Hickeliinae conforming 
to previous analyses (Clark et al. 2007; Chokthaweepanich et al. unpubl. data).  
The nuclear data provide high support in MP, ML, and BI analyses, whereas in 
the plastid analysis (Chokthaweepanich et al. unpubl. data) support from MP 
analysis was completely lacking.  The occurrence of an adaxially projecting 
midrib is proposed as a morphological synapomorphy for this subtribe 
(Soderstrom and Ellis 1987; BPG 2012), but this remains to be tested.  The 
strong support for a sister relationship between Cathariostachys and Valiha 
found here is not reflected in the plastid analysis (Chokthaweepanich et al. 
unpubl. data). 
Melocanninae is also strongly supported as monophyletic in this analysis, 
consistent with preceding work (Clark et al. 2007; Yang et al. 2008; Sungkaew et 
al. 2009; Kelchner et al. 2013; Chokthaweepanich et al. unpubl. data).  An S-
shaped keel in the leaf blade has been proposed as a possible structural 
synapomorphy for Melocanninae, but this needs to be tested (Soderstrom and 
Ellis 1987; BPG 2012).  The nuclear data do not, however, provide sufficient 
resolution to support the sister relationship between Melocanninae and the 
remaining PWB found in analysis of plastid data (Sungkaew et al. 2009; Kelchner 
et al. 2013; Chokthaweepanich et al. unpubl. data).  Additionally, 
Pseudostachyum is well supported as sister to Schizostachyum based on the 
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nuclear data, which contrasts with the plastid data results that P. polymorphum is 
removed from Schizostachyum and allies (Yang et al. 2008; Chokthaweepanich 
et al. unpubl. data).  This ambiguous relationship could possibly be resolved by 
adding more taxa of Melocanninae in the nuclear analysis since there are only 
three members of Melocanninae in this study.   
 
Incongruence of plastid and nuclear topologies 
This disparity between chloroplast and low-copy nuclear topologies 
demonstrates an obvious incongruence of bamboo relationships at the tribal rank 
with high support, whereas the relationships among the three subtribes of the 
NWB are the same in both trees.  The relationships of the PWB between two 
different trees are equivocal at the subtribal levels because of less resolution in 
the nuclear analysis.  Phylogenetic incongruence between plastid and low-copy 
nuclear topologies suggests that they have divergent evolutionary processes, 
which could occur due to an inadequate number of informative characters 
(stochastic errors), incomplete lineage sorting, mistaken orthology, horizontal 
gene transfer, gene recombination, introgression, and/or hybridization (Doyle 
1992; Maddison 1997; Wendel and Doyle 1998; Huson and Bryant 2006; 
Maddison and Knowles 2006; Degnan and Rosenberg 2009; Degtjareva et al. 
2012, Zhang et al. 2012a; Yu et al. 2013).  Moreover, the aggregation of 
homoplastic characters in bamboo plastid lineages could be a cause of 
phylogenetic incongruence between plastid and nuclear topologies (Kelchner et 
al. 2013).  Increasing the number of nuclear markers and sampled taxa could 
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help resolve this systematic disagreement (Wendel and Doyle 1998; Zhang et al. 
2012).   
 
Summary and future directions 
 This nuclear phylogenetic study, based on three low copy markers, infers 
the relationships of the six previously identified genomic components in 
Bambusoideae: one genome (H) in the herbaceous bamboos, two genomes in 
the TWB (genome A and B) and the NWB (genome C and D), and three 
genomes (C, D, and E) in the PWB.  Nevertheless, apparently not all PWB taxa 
possess all three genomes, according to the results presented here.  An 
increased number of nuclear markers and taxa, and incorporation of cytogenetic 
studies, are essential to elucidate the complex evolutionary history of the PWB. 
 The analysis of Bambusoideae based on the concatenated data set 
resulted in a consensus tree with mostly highly supported branches, especially 
along the backbone.  Furthermore, all three tribes of Bambusoideae and all 
subtribes except for Bambusinae also received high support values.  In contrast 
to plastid analyses, monophyly of the woody bamboos is strongly supported, but 
other relationships are more or less congruent.  The nuclear phylogeny of the 
PWB consists of six lineages (Bambusinae, Melocanninae, Hickeliinae, 
Racemobambosinae, Oceanic woody bamboos, and Temburongia), but the 
relationships within the PWB clade remain largely unresolved.  Addition of more 
taxa, more nuclear markers, and whole plastome sequences should help to 
clarify this phylogenetic problem. 
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ABSTRACT 
 Forty characters, which are chosen, based on their importance in bamboo 
classification including morphology and anatomy are investigated and mapped 
on the consensus plastid and nuclear topologies, respectively, to study 
morphological evolution within the paleotropical woody bamboos (PWB) and to 
seek potential synapomorphies for the PWB clade and each subtribe or lineage 
in this clade.  Not all of these characters are useful to classify the PWB, but the 
presence of six stamens is a potential synapomorphy for the PWB.  Although 
there is no single feature to diagnose any given lineage of the PWB, 
combinations of characters are informative.  A glabrous ovary with a hollow and 
elongated style is a unique character combination for Melocanninae.  A dipping 
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nodal line and the extravaginal or infravaginal branching pattern is possibly a 
characteristic combination for Hickeliinae.  The presence of a prominent and 
wrinkled girdle is a synapomorphy of the CDMNPS (Cyrtochloa-Dinochloa-
Mullerochloa-Neololeba-Parabambusa-Pinga-Sphaerobambos) clade, a set of 
scandent or twining bamboos of Australia and South-East Asia.  
Racemobambosinae + Asian Nastus clade is diagnosed by a blunt ovary apex 
forming a hood, whereas Temburongia presents a blunt ovary apex without a 
hood.  No synapomorphy or any unique combination of features is found for the 
core Bambusinae.  Two characters previously hypothesized to represent 
synapomorphies for the Melocanninae and Hickeliinae are shown to be 
homoplasious across the PWB. 
 
KEYWORDS: Bambuseae, paleotropical woody bamboos, plastid markers, 
nuclear markers, morphological evolution, syanpomorphy 
 
INTRODUCTION 
Bamboos are classified into subfamily Bambusoideae in the grass family 
(Poaceae) [Grass Phylogeny Working Group (GPWG) 2001; Bamboo Phylogeny 
Group (BPG) 2012].  This subfamily consists of approximately 124 herbaceous 
species and 1,350 woody species.  About two-thirds of the woody bamboos, 
including the Paleotropical woody bamboos, are members of the tribe 
Bambuseae, with the remaining woody species classified within the tribe 
Arundinarieae.  Bamboos are predominantly forest grasses, with a combined 
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distribution across the World, including Africa, the Americas, Asia, Australia with 
Oceania, excluding only Antarctica and Europe (Soderstrom 1981b; BPG 2012).  
Wen (1985) reported the origin of bamboo is in the central and southern parts of 
China and association areas of China, Burma, and Thailand, but Bouchenak-
Khelladi et al. (2010) proposed that the ancestral Bambusoideae grow in the 
closed habitat with mesophytic condition but that South-East Asia is not likely to 
be the bamboo origin based on an analysis of three cpDNA regions (rbcL, matK, 
and trnL-F), morphological, anatomical, and biochemical characters. 
 Bamboo evolution has been studied to explain their phylogenetic 
relationships, origin, evolutionary trends, and derived characters.  Holttum (1956, 
1958) postulated that the sympodial rhizome is the ancestral feature of bamboos.  
Wen (1985) suggested that the primitive bamboos have sympodial rhizomes with 
cespitose clumping; large culms; the Broken and Double Broken types of 
vascular bundle anatomy; laterally indeterminate inflorescences; stamens more 
than six, and hexaploidy (2n = 72).  Subsequently, the assumption of more than 
six stamens (Wen 1985) was rejected and the number of six stamens was 
interpreted to be a primitive character of bamboos (Holttum 1956; Soderstrom 
1981b; Wong 2005).  Kellogg and Campbell (1987), however, mentioned that the 
basal number of stamens is an ambiguous character because there is variation in 
stamen number in herbaceous and woody bamboos.  Holttum (1956) and 
Soderstrom (1981b), moreover, described the characteristics of primive 
bamboos: sympodial rhizomes, a two-keeled prophyll, ligulate leaves with well-
developed auricles, pseudospikelets with prophyllate buds, inflorescences distal 
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to leafy branches, many-flowered spikelets, three or six lodicules, six stamens, 
three stigmas, tricarpellary ovary with parietal placentation, a lateral ovule, and 
monadelphous (united) filaments.  There are two alternative hypotheses of fruit 
evolution in bamboos by Holttum (1956): (1) fleshy fruit is the primitive fruit, 
which develops in the moist tropical habitat; (2) fleshy fruit evolved from a dry 
fruit, a hypothesis supported by Tzvelev (1976), Soderstrom (1981a), and Yang 
et al. (2008).  Ecologically, the primitive bamboos are adapted to high humidity 
and temperature, as they usually cannot grow well in dry zones (Wen 1985).  
 The basic chromosome number of Bambusoideae is x = 12 (Soderstrom 
1981b, Hilu 2004), which increased from an ancient basic chromosome number 
(x = 6) of general grasses (Stebbins 1982, 1987; Wong 1995).  Conversely, a 
different scenario is proposed, in which the base chromosome number of x = 12 
in Bambusoideae is the ancestral feature of grasses and x = 6 is aneuploid origin 
and found in the advanced grasses (Avdulov 1931; Raven 1975; Hilu 2004).  
Additionally, a diploid number of chromosomes can usually be found in the 
herbaceous bamboos, whereas the chromosome number of woody bamboos is 
polyploid (Soderstrom 1981b; Kellogg and Watson 1993; BPG 2012).  All woody 
bamboos, therefore, are hypothesized to be derived from herbaceous bamboos 
because they are polyploid with a basic chromosome number of x = 12 
(Soderstrom 1981b; Wong 1995). 
Bamboo taxonomists have used morphological and anatomical features to 
identify and classify bamboos such as anatomy of the vascular bundles (Grosser 
and Liese 1973; Wen 1985; Stebbins 1987), rhizome type, culm leaves, 
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inflorescence patterns, number of stamens, ovary appendage, fruit structure, leaf 
anatomy, and karyotype (Munro 1868; Holttum 1956; Soderstrom and Ellis 1987; 
Tzvelev 1989; Dransfield and Widjaja 1995; Ohrnberger 1999; GPWG 2001; 
BPG 2012).  Molecular techniques are also used to interpret bamboo 
classification (GPWG 2001; BPG 2012; Sungkaew et al. 2009; Kelchner et al. 
2013; Chokthaweepanich et al. unpubl. data).  Bambusoideae is well supported 
as monophyletic (Zhang and Clark 2000; GPWG 2001; Clark et al. 2007; 
Bouchenak-Khelladi et al. 2008, 2010; Sungkaew et al. 2009; BPG 2012; 
Kelchner et al. 2013; Chokthaweepanich unpubl. data) and a potential 
synapomorphy of bamboos is the presence of arm cells in the mesophyll (Kellogg 
and Campbell 1987; Zhang and Clark 2000; GPWG 2001; BPG 2012).  
Currently, bamboos can be classified into three major tribes: (1) Arundinarieae 
(temperate woody bamboos: TWB); (2) Bambuseae (tropical woody bamboos) 
has two clades and nine subtribes: the Neotropical woody bamboo (NWB) clade 
contains three subtribe, Arthrostylidiinae, Chusqueinae, and Guaduinae; and the 
Paleotropical woody bamboo (PWB) clade comprises core Bambusinae, 
CDMNPS (Cyrtochloa-Dinochloa-Mullerochloa-Neololeba-Parabambusa-Pinga-
Sphaerobambos), Hickeliinae, Melocanninae, Racemobambosinae, and 
Temburongia simplex (BPG 2012; Kelchner et al. 2013; Goh et al. 2010, 2013; 
Chokthaweepanich et al. unpubl. data); and (3) Olyreae (herbaceous bamboos) 
consists of three subtribes, the Buergersiochloinae, Parianinae, and Olyrinae 
(BPG 2012).  Phylogenetic relationships among the three tribes remain equivocal 
based on two distinct molecular data analyses.  Plastid data analyses using 
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coding and non-coding regions show the relationship of Bambuseae and Olyreae 
as sister, forming a monophyletic group (tropical bamboo clade), and then the 
tropical bamboo clade is sister to the Arundinarieae (Sungkaew et al. 2009; 
Triplett and Clark 2010; Bouchenak-Khelladi et al. 2010; Kelchner et al. 2013; 
Chokthaweepanich et al. unpubl. data), whereas the nuclear data analyses show 
the monophyly of woody bamboos (tropical and temperate woody bamboos) and 
sister to the herbaceous bamboos (Chokthaweepanich unpubl. data). 
The PWB clade is composed of bamboo species native to tropical regions 
of South and Southeast Asia, Africa, Madagascar, and Oceania (including 
Australia), containing more than 400 species in 47 genera (Ohrnberger 1999; 
BPG 2012).  Although most PWB species are distributed in South and Southeast 
Asia, most taxa in Hickeliinae are found in Madagascar except for Hickelia 
africana in Afica, one Nastus in Reunion Island (N. borbonicus) and several in 
Asia (Holttum 1955b; Dransfield 1994; Dransfield and Widjaja 1995; Ohrnberger 
1999; BPG 2012).  Some Bambusinae species are distributed in Africa and 
Oceania (Phillips 1995; Ohrnberger 1999; Wong 2005; BPG 2012).  The 
phylogeny of the PWB has been explored in molecular analyses, and the PWB 
clade is strongly supported as monophyletic but its position as sister to the NWB 
is moderately supported (Sungkaew et al. 2009; BPG 2012; Kelchner et al. 2013; 
Chokthaweepanich et al. unpubl. data).  Evolutionary relationships among the 
divergent subtribes of PWB based on plastid data strongly support subtribe 
Melocanninae as monophyletic and sister to the remaining PWB clade 
(Sungkaew et al 2009; Kelchner et al. 2013 Chokthaweepanich et al. unpubl. 
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data).  Subtribe Hickeliinae is also defined as monophyletic and forms the next 
diverging lineage within the remainder of the PWB clade (Clark et al. 2007; 
Chokthaweepanich et al. unpubl. data).  Members of Bambusinae can be 
classified into three major groups with high support: Core Bambusinae, Oceanic 
woody bamboos (Cyrtochloa, Dinochloa, Greslania, Mullerochloa, Neololeba, 
Parabambusa, Pinga, and Sphaerobambos) and Temburongia simplex + 
Fimbribambusa horsfieldii.  Racemobambosinae clusters with Asian Nastus (to 
be excluded from Hickeliinae) and sister to the CDMNPS with 1.00 PP (Goh et al. 
2010, 2013; Chokthaweepanich et al. unpubl. data). 
Despite strong supports of the PWB as monophyletic in plastid and 
nuclear phylogenetic analyses, unequivocal morphological synapomorphies have 
yet to be defined (BPG 2012).  However, Soderstrom and Ellis (1987) and BPG 
(2012) highlighted the synapomorphies of two subtribes of the PWB: adaxially 
projecting midrib is the unique character of Hickeliinae, ovary glabrous with a 
long, slender, and hollow style is the synapomorphy of Melocanninae.  
Additionally, Goh et al. (2010, 2013) suggested that the transversely wrinkled 
culm leaf-sheath base (girdle) is a potential character of the DMNS (Dinochloa-
Mullerochloa-Neololeba-Sphaerobambos) clade. 
 Bamboos are economically and ecologically important in local areas for 
purposes such as food, ornamental plants, construction, agricultural tools, 
musical instruments, mitigating soil erosion, and nutrient cycling, etc. (White and 
Childers 1945; McClure 1966; Wong 1989; Dransfield and Widjaja 1995; Tripathi 
and Singh 1995; Marod et al. 1999; Zhou et al. 2005; Takahashi et al. 2007; 
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Larpkern et al. 2009, 2011).  Even though most bamboo research focused on the 
utilization and cultivation of bamboo (Soderstrom 1985), bamboo systematics 
have been studied continuously to provide the bamboo phylogenetic information 
employing morphological and molecular techniques (Holttum 1956, 1958; 
McClure 1966, 1973; Caldeŕon and Soderstrom 1980; Soderstrom 1981b, 1985; 
Wong 1986, 1995; Soderstrom and Ellis 1987;Dransfield 1992; Dransfield and 
Widjaja 1995; Stapleton 1997; Li 1997, 1999; Veldkamp 1997; Zhang and Clark 
2000; GPWG 2001; Judziewicz and Clark 2007; Bouhenak-Khelladi et al. 2008, 
2010; Yang et al. 2008; Fisher et al. 2009; Sungkaew et al. 2009; Goh 2010, 
2013; BPG 2012; Kelchner et al. 2013, Chokthaweepanich unpubl. data).  
Particularly, the evolution and classification of PWB clade has been investigated, 
but those studies examined the PWB mainly focusing on Bambusinae and 
Melocanninae, and there was no comprehensive study of the PWB in terms of its 
phylogenetics and morphological evolution.  A morphological synapomophy, 
moreover, has never been identified for this clade (BPG 2012).  The objectives of 
this investigation are (1) to study the phylogenetic evolution of the PWB using 
molecular and morphological characters; (2) to identify morphological 
characteristics to help define the synapomorphy of the PWB clade; and (3) to 
examine possible synapomorphies for subtribes in the PWB clade. 
 
 
 
 
119 
 
MATERIALS AND METHODS 
Plant materials 
Fifty-five species of 44 genera are representative of Bambusoideae in this 
study (Table 1) as follows: 45 species in 35 genera of PWB; six species in five 
genera of NWB; two species in two genera of temperate woody bamboos; and 
two species in two genera of herbaceous bamboos. The number of sampled 
PWB taxa is reduced to 16 species in 14 genera for nuclear analysis.  
Brachyelytrum erectum (Schreb.) P. Beauv. is designated as the outgroup since 
this species is the earliest-diverging lineage of Pooideae and Pooideae is well 
supported as sister to Bambusoideae (Bouchenak-Khelladi et al. 2008; GPWP II 
2012). 
  
1
2
0
 
Table 1. List of bamboo taxa, voucher specimens, sources and GenBank accession numbers for six chloroplast DNA and 
three low-copy nuclear DNA: type species for a genus in boldface; * = monotypic genus. 
Taxa Voucher 
No. 
Source GenBank accession numbers 
   chloroplast DNA regions low-copy nuclear DNA  
      ndhF 3' matK trnD-trnT trnT-trnL rpl16 rps16 GPA1 Pabp1 PvCel1 
1. Subtribe Bambusinae  
  
              
   Bambusa bambos (L.) 
Voss 
BI 1 Indonesia  EU434243 GU390939   EU434179 - - - 
Bambusa vulgaris 
Schrad. ex J.C. Wendl. 
JGSK 666 Panama 
(cult.) 
FJ643709  FJ643982 FJ644133 AY912192 FJ644100 / 
BPG 
   
Cyrtochloa luzonica 
(Gamble) S. Dransf. 
SD 1323 Philippines KC020497 - KC020533 KC020551 KC020515 BPG - - - 
Dendrocalamus asper 
(Schult. & Schult. f.) 
Backer ex K. Heyne 
M 093 Thailand  EU434249    EU434185    
Dendrocalamus latiflorus 
Munro 
M 002 Thailand  EU434251    EU434187 JT JT  
Dendrocalamus 
strictus (Roxb.) Nees 
LC 1180 Brazil (cult.)  EU434254 GU390950  BPG EU434190 - - - 
Dinochloa malayana S. 
Dransf. 
UM 
Bambuset
um Acc.59 
Malaysia  EU434259 GU390951   EU434195 - - - 
Dinochloa scandens 
(Blume) Kuntze 
BI 2 Indonesia       - - - 
Gigantochloa albociliata 
(Munro) Kurz 
M 054 Thailand       - - - 
Gigantochloa apus 
(Schult. & Schult. f.) 
Kurz 
BI 4 Indonesia       - - - 
Gigantochloa atter 
(Hassk.) Kurz 
BI 5 Indonesia          
Greslania rivularis 
Balansa 
SD 1491 New 
Caledonia 
BPG  BPG  AY912205 BPG - - - 
Holttumochloa magica 
(Ridl.) K.M. Wong 
LYW 136 Malaysia   GU390958    - - - 
Kinabaluchloa nebulosa 
K.M. Wong 
WKM 
2892 
Borneo   BPG BPG   - - - 
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Table 1. (continued) 
Taxa Voucher 
No. 
Source GenBank accession numbers 
   chloroplast DNA regions low-copy nuclear DNA  
      ndhF 3' matK trnD-trnT trnT-trnL rpl16 rps16 GPA1 Pabp1 PvCel1 
*Maclurochloa 
montana (Ridl.) K.M. 
Wong 
WKM 
2890 
Malaysia BPG  GU390960 BPG   - - - 
Melocalamus 
compactiflorus (Kurz) 
Benth. 
M 068 Thailand  EU434260 -  - EU434196 - - - 
*Mullerochloa 
moreheadiana (F.M. 
Bailey) K.M. Wong 
SD 1331 Australia      BPG - - - 
*Neololeba atra (Lindl.) 
Widjaja 
LC & JT 
1663  
ISU GH KC020501 EU434270 KC020539 KC020557 KC020519 EU434206    
*Oxytenanthera 
abyssinica (A. Rich.) 
Munro 
LC & JT 
1664 
ISU GH BPG EU434273 BPG BPG AY912193 EU434209 JT JT JT 
*Parabambusa kaini 
Widjaja 
BI 27 Indonesia          
Pseudoxytenanthera 
monadelpha (Thwaites) 
Soderstr. & R.P. Ellis  
LA 145 Sri Lanka       - - - 
*Soejatmia ridleyi 
(Gamble) K.M. Wong 
LYW 135 Malaysia   GU390963 BPG   - - - 
Sphaerobambos 
hirsuta S. Dransf. 
WKM 
2894 
Borneo   GU390962    - - - 
*Temburongia simplex 
S. Drasf. & K.M. Wong 
JD 7498 Brunei  EU434269   AY912214 EU434205    
*Temochloa liliana S. 
Dransf. 
SD 1494 Thailand KC020508  KC020543 KC020563 AY912215 KC020601 - - - 
Thyrsostachys 
siamensis Gamble 
M 088 Thailand  EU434261    EU434197 - - - 
2. Subtribe Melocanninae 
  
                 
Cephalostachyum 
pergracile Munro 
WP 
8400635, 
SD 1435 
China (cult.) U21968 EU434274 KC020532 KC020547 AY912199 KC020572 - - - 
*Davidsea attenuata 
(Thwaites) Soderstr. & 
R.P. Ellis 
LA 111 Sri Lanka       - - - 
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Table 1. (continued) 
Taxa Voucher 
No. 
Source GenBank accession numbers 
   chloroplast DNA regions low-copy nuclear DNA  
      ndhF 3' matK trnD-trnT trnT-trnL rpl16 rps16 GPA1 Pabp1 PvCel1 
Melocanna baccifera 
(Roxb.) Kurz 
XL & LC 
930 
Colombia 
(cult.) 
AF182348 EF125174 GU390961 KC020555  KC020585 JT   
Neohouzeaua 
mekongensis A. 
Camus 
SD 1434, 
SD 1474? 
Thailand       
- - - 
Ochlandra stridula 
Moon ex Thwaites 
LA 142 Sri Lanka       
- - - 
*Pseudostachyum 
polymorphum Munro 
M 164 Thailand  EU434277    EU434213 
   Schizostachyum 
blumei Nees 
UM 
Bambuset
um Acc.34 
Malaysia       
   Schizostachyum 
caudatum Backer 
BI 17 Indonesia       
   3. Subtribe Hickeliinae                       
Cathariostachys 
capitata (Kunth) S. 
Dransf. 
SD 1334 Madagascar   BPG  AY912201 BPG 
   *Decaryochloa 
diadelpha A. Camus 
SD 1514, 
SD 1288 
Madagascar   BPG  AY912203 BPG 
- - - 
Hickelia 
madagascariensis A. 
Camus 
SD 1292 Madagascar AF182351  KC020536  AY912206 KC020584 
   Nastus borbonicus J.F. 
Gmel. 
LC & SD 
1656 
France (cult.) KC020500  KC020538 KC020556 AY912207 KC020586 
- - - 
Nastus elegantissimus 
(Hassk.) Holttum 
Putut & 
SD 4 
Java   BPG  AY912208 BPG 
- - - 
Nastus elongatus A. 
Camus 
SD 1343, 
SD 1510 
Madagascar BPG  BPG  AY912209 BPG 
- - - 
Nastus productus (Pilg.) 
Holttum 
JD 7680 Irian Jaya   BPG  AY912210 BPG 
- - - 
Perrierbambus 
madagascariensis A. 
Camus 
Randrim
anapisoa 
s.n. 
Madagascar BPG  BPG  AY912211 BPG 
- - - 
*Sirochloa parvifolia 
(Munro) S. Dransf. 
JD 7742 Madagascar   BPG  AY912212 BPG 
- - - 
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Table 1. (continued) 
Taxa Voucher 
No. 
Source GenBank accession numbers 
   chloroplast DNA regions low-copy nuclear DNA  
      ndhF 3' matK trnD-trnT trnT-trnL rpl16 rps16 GPA1 Pabp1 PvCel1 
Valiha diffusa S. 
Dransf. 
SD 1345 Madagascar BPG  BPG  AY912213 BPG 
   4. Subtribe Racemobambosinae                     
Racemobambos 
hepburnii S. Dransf.  
WKM 
2891 
Malaysia KC020506  KC020542 KC020561 KC020524 KC020595    
5. Outgroup                    
5.1 Subtribe Guaduinae           
Guadua angustifolia 
Kunth 
XL & LC 
931 
Colombia FJ643714  FJ644003 FJ644154 FJ751664 KC020583 JT JT JT 
Otatea acuminata 
(Munro) C.E. Calderón 
& Soderstr. 
LC&WZ 
1348, LC 
et al. 1312 
Mexico (cult.) AF182350 EF137436 FJ751732 KC020559 AF133473 KC020289 JT JT JT 
5.2 Subtribe Arthrostylidiinae           
Aulonemia queko 
Goudot 
LC & PA 
1445 
Ecuador   JQ408641 JQ408600  BPG JT JT JT 
Rhipidocladum 
harmonicum (Parodi) 
McClure 
LC et al. 
1128 
Ecuador JQ408563  JQ408661  JQ408582 BPG    
5.3 Subtribe Chusqueinae           
Chusquea scandens 
Kunth 
LC & XL 
1235 
Colombia FJ751643  FJ751736 KC020549 U62781 KC020577 JT - JT 
Chusquea spectabilis 
L.G. Clark 
XL & LC 
919 
Colombia AF182355  FJ751752 KC020550 U62793  JT JT JT 
5.4 Olyreae            
*Buergersiochloa 
bambusoides Pilg.  
SD 1365 Irian Jaya AF182341  FJ643988 FJ644139 AF133461 KC020571 JT JT JT 
Olyra latifolia L. Xl & LC 
911 
Colombia U21971 AF164386 KC020540  KC020520 EU434219 JT JT JT 
5.5 Temperate bamboos           
Arundinaria gigantea 
(Walter) Muhl. 
JT 197 U.S.A. FJ643707  FJ643980 FJ644131 FJ751663 KC020567 JT JT JT 
Phyllostachys 
bambusoides Siebold 
& Zucc. 
LC 1289, 
JT 1121 
U.S.A. (cult.) BPG AB088805 FJ644020 FJ644171 KC020522 KC020593 JT JT JT 
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Table 1. (continued) 
Taxa Voucher 
No. 
Source GenBank accession numbers 
   chloroplast DNA regions low-copy nuclear DNA  
      ndhF 3' matK trnD-trnT trnT-trnL rpl16 rps16 GPA1 Pabp1 PvCel1 
5.6 Pooideae            
Brachyelytrum 
erectum (Schreb.) P. 
Beauv. 
 JT 199  U.S.A. U22005.1 AF164384 FJ643985 FJ644136 AF133476 KC020270 JT JT JT 
 
 
Voucher abbreviations: BI – Bogor Botanical Gargens, Indonesia; G – Guala; JD – John Dransfield; JGSK – J. Gabriel Sanchez-
Ken; JT – Jimmy Triplett; LA – Lakshmi Attigila; LC – Lynn Clark; M – Chakkrapong Rattamanee; PA – Patricio Asimbaya; SD – 
Soejatmi Dransfield; UM – University of Malaysia; WKM – Wong Khoon Meng; WZ – Weiping Zhang; XL – Ximena Londoño; ISU GH 
– Greenhouse, Iowa State University.
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Molecular characters and phylogenetic analysis 
All DNA sequences were produced from six coding (ndhF3’ and matK) 
and non-coding (trnD-trnT, trnT-trnL, rpl16, and rps16) chloroplast regions and 
three low-copy nuclear markers (GPA1, Pabp1, and PvCel) from 
Chokthaweepanich et al. (Chapters 2 and 3).  The chloroplast and low-copy 
nuclear sequences were analyzed separately and partitioned by locus to 
examine incongruence.  The statistical homogeneity of individual partitions and 
the two combined datasets was examined by the incongruence length difference 
(ILD) test (Farris et al. 1995a; 1995b) using PAUP* 4.0b10 (Swofford 2002) with 
1,000 replicates in a heuristic search with random taxon addition.  The individual 
and combined dataset with gaps and indels were analyzed using Maximum 
parsimony (MP), Maximum Likelihood (ML), and Bayesian inference (BI).  The 
branches on the consensus tree are labeled with MP and ML bootstrap support 
(MPBS, MLBS) values ≥ 80% and Posterior Probabilities (PP) ≥ 0.90 (Figs. 3 and 
4). 
MP analyses were computed by PAUP*4.0b10 with the heuristic search 
option including 1,000 replicates random stepwise additions and tree bisection 
and reconnection (TBR) branch swapping.  The MP bootstrap values on the 
consensus tree was evaluated by 1,000 bootstrap replicates in PAUP*4.0b with 
simple addition sequence and TBR branch swapping.  The evolutionary models 
of the individual and combined datasets were assessed by a hierarchical 
likelihood ratios test (hLRT) using jModelTest 2.1 (Guindon and Gascuel 2003; 
Darriba et al. 2012).  The Akaike Information Criterion (AIC) was employed to 
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select the best model for phylogenetic reconstruction based on the ML and BI 
analyses.  ML analyses were computed using raxmlGUI version 1.3 (Silvestro 
and Michalak 2012) with 1000 rapid bootstrap analyses followed by the general 
time reversible (GTR) model with a gamma distribution of substitution rates (G) 
and estimates of invariant characters (I).  BI analyses were carried out in 
MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003; Ronquist et al. 2005).  
The GTR+G+I model (Huelsenbeck and Rannala 2004) was used for separate 
gene partitions.  Four Markov chain Monte Carlo (MCMC) were run with a 
random starting tree and sampling one tree every 1,000 generations of 
50,000,000 generations.  The first 10,000 generations of chain were used as 
“burn in”.  The 50% majority consensus trees were presented with posterior 
probabilities on each node. 
 
Morphological evolution on the molecular phylogenies 
Forty morphological characters (Table 2) including 25 vegetative and 15 
reproductive characters were coded in the morphological matrix (Table 4) from 
herbarium specimens, descriptions from the literature, and some living 
specimens in the Iowa State University green house.  These characters were 
chosen based on bamboo classification from literature reviews (Holttum 1956, 
1958; McClure 1966; Soderstrom and Ellis 1987; Dransfield 1992; Wong 2005; 
Clark et al. 2007; BPG 2012; Goh et al. 2013) and the BPG morphological 
character list on the “Bamboo Biodiversity” website 
(http://www.eeob.iastate.edu/research/bamboo).  Since a hard conflict could be a 
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reason of the incongruence of evolutionary relationships based on plastid and 
nuclear sequences (Huelsenbeck et al. 2003; Kelchner et al. 2013), additionally, 
the numbers of representative species of the PWB are different in the plastid and 
nuclear analyses.  Therefore, the combination of two conflicting datasets should 
not be combined and these morphological characters are mapped on the two 
topologies. The appropriate character states were mapped on the individual 
plastid and nuclear consensus trees using MacClade (Maddison and Maddison 
2005).  Alternative reconstructions of a character on a cladogram were exploited 
using accelerated and delayed transformation (ACCTRAN/DELTRAN).  The 
delayed reconstruction transformations are shown in Figs. 6 and 7.  The results 
of each character on the individual plastid and nuclear optimizations are 
accessible in Appendix A and B, respectively. 
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Table 2. Characters and character states. 
No. Character Character states 
1 True rhizome (monopodial 
rhizomes) presence 
0 = absent; 1 = present 
2 Pachymorph rhizome neck patterns 0 = short-necked sympodial rhizome; 1 = long-
necked sympodial rhizome  
3 Pachymorph rhizome morphology 0 = slender internodes and more or less vertical; 
1 = some proximal internodes thicker than the 
distal internodes and more or less horizontal 
4 Growth habit 0 = erect; 1 = erect with arching/pendulous tip; 2 
= clambering /scandent; 3 = twining; 4 = 
decumbent 
5 Aerial branching 0 = absent; 1 = present 
6 Nodal line position 0 = horizontal; 1 = dipping slightly below the 
bud(s); 2 = dipping markedly below the bud(s) 
7 Nodal line diameter 0 = more or less the same diameter as adjacent 
internodes; 1 = borne on a flange-like extension 
(patella), its diameter greater than the adjacent 
internodes 
8 Supranodal ridge 0 = inconspicuous (a line, diameter less than at 
the nodal line); 1 = conspicuous (a ridge, 
diameter equal to or greater than at the nodal 
line) 
9 Primary bud shape 0 = triangular; 1 = circular 
10 Primary buds per mid-culm node 0 = none; 1 = 1; 2 = 2 or more 
11 Relative sizes of secondary 
branches developing from the 
central primary axis 
0 = secondary axes subequal to the central 
primary axis; 1 = at least some of the secondary 
axes no more than one-half the diameter of the 
central primary axis 
12 Secondary branch development 0 = absent; 1 = present 
13 Culm branching pattern 0 = intravaginal; 1 = extravaginal; 2 = 
infravaginal 
14 Culm leaves 0 = absent; 1 = present 
15 Girdle (culm leaf-sheath base) 
development 
0 = poorly developed; 1 = present and 
prominently developed 
16 Girdle surface 0 = smooth; 1 = wrinkled/rugose 
17 Culm leaf blade orientation 0 = erect; 1 = erect first, then deflexed; 2 = 
reflexed 
18 Auricles at culm leaf sheath 0 = absent/inconspicuous; 1 = present and 
contiguous with the base of the blade; 2 = 
present on the sheath apex but not contiguous 
with the blade 
19 Auricle position at culm leaf sheath 0 = erect; 1 = reflexed 
20 Abaxial green stripe presence 0 = absent; 1 = present 
21 Outer ligule 0 = absent; 1 = present 
22 Auricle development at foliage leaf 0 = absent/inconspicuous; 1 = present 
23 Shape of leaf blade keel (Fig. 1) 0 = flat shape; 1 = slightly S-shaped; 2 = S-
shaped; 3 = V-shaped 
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Table 2. (continued) 
No. Character Character states 
24 Projecting midrib presence (Fig. 2) 0 = abaxially and adaxially projecting midrib; 1 = 
abaxially projecting midrib; 2 = adaxially 
projecting midrib 
25 Bulliform cell groups 0 = even with or slightly lower than the adaxial 
epidermis; 1 = elevated relative to the adaxial 
epidermis 
26 Inflorescence type 0 = determinate; 1 = indeterminate 
27 One or more gemmiparous bracts 
subtending the spikelet proper 
0 = absent; 1 = present, buds developing 
subsequently or not 
28 Subtending bract at the base of the 
axis bearing the spikelet or spikelet 
proper 
0 = absent; 1 = present 
29 Prophyll at the base of the axis 
bearing the spikelet or spikelet 
proper 
0 = absent; 1 = present 
30 Number of lodicules 0 = none; 1 = two; 2 = three; 3 = more than 3 
31 Number of glumes 0 = none; 1 = one to two; 2 = more than two 
32 Rachilla extension presence 0 = absent; 1= present 
33 Ovary pubescence 0 = glabrous; 1 = glabrous with hairy at apex; 2 = 
pubescent 
34 Ovary apex 
0 = ovary apex narrow and continuous with the 
style base (normal); 1 = ovary apex blunt, the 
style base forming an expanded cap (or hood) 
on top; 2 = ovary apex blunt, hood absent. 
35 Style length 0 = less than 0.1 mm; 1 = 0.1 mm up to the 
ovary length; 2 = elongated and greater than the 
ovary length 
36 Style core 0 = hollow; 1 = solid 
37 Number of stigmas 0 = one; 1 = two; 2 = three; 3 = four 
38 Number of stamens 0 = three; 1 = four; 2 = six; 3 = more than six 
39 Filament pattern 0 = free filaments; 1 = filament fusion 
40 Fruit type 0 = basic; 1 = bacoid; 2 = nucoid 
  
The S-shape of the leaf blade keel (character 23) and projecting midrib 
(character 24) are suggested by Soderstrom and Ellis (1987) to identify 
Melocanninae and Hickeliinae, respectively.  However, they did not define these 
characters.  We divided the keel shape into four character states using degree of 
curve at both sides of midrib (Fig. 1): state 0 = flat (both sides of midrib are 
straight), state 1 = slightly S-shaped (one side of midrib is straight and another is 
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curving less than 45 degree), state 2 = S-shaped (both sides curve about or more 
than 45 degree but in opposite directions), and state 3 = V-shaped (both sides 
curve up about 45 degree).  The projecting midrib is separated into three 
character states (Fig. 2): state 0 = adaxially and adaxially projecting midrib, state 
1 = abaxially projecting midrib, and state 2 = adaxially projecting midrib.  The 
distinctions of character states in other features can be found on the Bamboo 
Biodiversity website (http://www.eeob.iastate.edu/research/bamboo).   
    
                  
Figure1. Shapes of leaf blade keel (character # 23): state 0 = flat; state 1 = 
slightly S-shaped; state 2 = S-shaped; state 3 = V-shaped. 
 
 
 
 
 
 
 
 
midrib 
state 2 state 3 
state 0 state 1 
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Figure 2. Midrib Projection (character # 24): state 0 = abaxially and adaxially 
projecting midrib; state 1 = abaxially projecting midrib; state 2 = adaxially 
projecting midrib. 
 
RESULTS 
Alignment and sequence characteristics 
The combined, aligned chloroplast sequences without indels 
(insertion/deletion) of 56 taxa in six regions are 5809 bp in length; the number of 
characters in the aligned individual regions is 1327 bp for matK, 1169 bp for 
ndhF3’, 924 bp for the rpl16 intron, 782 bp for the rps16 intron, 1040 bp for the 
trnD-trnT spacer, and 567 bp for the trnT-trnL spacer (Table 3).  A total of 251 
indels is coded as absent/present (0/1).  Generally, informative indels vary in 
length from 1 to 14 bp across all regions.  However, there are long indels in some 
taxa, especially in non-coding regions: 22 bp in the rpl16 intron (Brachyelytrum 
erectum), 18 bp in the trnD-trnT spacer (Valiha diffusa), and in the trnT-trnL 
spacer 20 bp  (Cephalostachyum pergracile, Davidsea attenuata, Melocanna 
midrib 
state 0 state 1 
state 2 
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baccifera, N. mekongensis, Ochlandra stridula, Pseudostachyum polymorphum, 
Schizostachyum blumei, S. caudatum, Guadua angustifolia, Otatea acuminata, 
Rhipidocladum harmonicum, Aulonemia queko), 22 bp (Oxytenanthera 
abyssinica), and 28 bp (Greslania circinata).  In total 6060 characters, with 
ambiguous characters removed and indels added, are included in the combined 
plastid data set for phylogenetic analysis.  A total of three (0.89%) sequences are 
coded as missing: one for matK (Cyrtochloa luzonica) and one each for the rpl16 
intron and trnD-trnT spacer (Mullerochloa moreheadiana).  The number of 
parsimony-informative characters (PIC) of combined plastid sequences with 
indels is 541 (8.93%).  Phylogenetic analyses of the cpDNA sequences focus on 
the combined data set with coding and non-coding regions as the main partitions 
because the partition homogeneity tests indicated that all six cpDNA regions are 
not significantly different (p = 0.001). 
 The concatenated, aligned nuclear sequences of 27 representative taxa in 
three low-copy nuclear DNA are 10813 bp in length; the number of characters in 
the aligned individual DNA is 3298 bp in PvCel, 4273 bp in Pabp1, and 3242 bp 
in GPA1 (Table 3).  The number of PIC of the combined nDNA dataset is 1127 
(10.42%).  Partitions within the nDNA data set are examined using the partition 
homogeneity test and they are not significantly different (p = 0.001).  
 
 
1
3
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Table 3. Information of MP analyses of plastid and nuclear sequence datasets. 
Characteristics plastid sequences   nuclear sequences 
matK ndhF3' 
rpl16 
intron 
rps16 
intron 
trnD-
trnT 
spacer 
trnT-
trnL 
spacer 
Combined 
cpDNA 
GPA1  Pabp1 PvCel1 
Combined 
nDNA 
Number of taxa 55 56 55 56 55 56 56 27 27 27 27 
Total aligned 
sequence characters 
without indels (bp) 
1327 1169 924 782 1040 567 5809 3242 4273 3298 10813 
Constant characters 
(bp) 
1120 961 658 655 826 426 4646 2319 3540 2511 8370 
Number of parsimony-
informative 
characters (PIC) 
70 74 135 49 123 90 541 434 286 407 1127 
MP tree length 294 305 570 207 423 320 2228 1342 917 1087 3380 
consistency index (CI) 0.7789 0.7541 0.7035 0.8309 0.7423 0.7063 0.7056 0.8249 0.8909 0.8298 0.8361 
Homoplasy index (HI) 0.2211 0.2459 0.2965 0.1691 0.2577 0.2937 0.2944 0.1751 0.1091 0.1702 0.1639 
retention index (RI) 0.7547 0.7232 0.6910 0.8045 0.7429 0.7590 0.6840 0.7957 0.8198 0.8069 0.7920 
Rescaled consistency 
index (RC) 
0.5879 0.5454 0.4862 0.6684 0.5515 0.5360 0.4826 0.6563 0.7304 0.6696 0.6622 
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Phylogenetic analyses 
The combined cpDNA sequences using the MP analysis provides a tree 
length = 2228 with consistency index (CI) = 0.7056, homoplasy index (HI) = 
0.2944, and retention index (RI) = 0.6840. The results of MP analyses of 
individual cpDNA partitions are shown in Table 3.  The optimization likelihood 
score from the ML analysis with GTR + I + G model is -21696.386.  BI analysis 
with the GTR + I + G model shows likelihood scores of -21745.84 and -21753.05 
with the arithmetic mean = -21760.59 and harmonic mean = -21830.62.  
Phylogenetic analysis of the three low-copy nuclear data sets based on MP 
provides a tree length = 3380 including CI = 0.8361, HI = 0.1639, and RI = 
0.7920.  The results of the individual nDNA of MP analyses are displayed in 
Table 3.  The optimized likelihood score from ML analysis is -34069.341.  BI 
analysis with GTR + I + G shows likelihood scores of -34072.08 and -34074.13 
with arithmetic mean = -34083.36 and harmonic mean = -34114.85.  Support 
values of more than 80% for bootstrap support (MPBS/MLBS) values from MP 
and ML analyses and more than 90% for posterior probability (PP) from BI 
analysis are shown on the combined plastid consensus tree and concatenated 
nuclear consensus tree (Figs. 3 and 4).  
 
Relationships of Bambusoideae and PWB based on the plastid topology 
 Based on the plastid topology (Fig. 3), two clades of Bambusoideae (1.00 
PP) receive high support in this analysis: the tropical bamboos (Olyreae + 
Bambuseae; 97 MPBS, 95 MLBS, 1.00 PP) and the temperate woody bamboos 
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[Arundinarieae (TWB); 100 MPBS, 100 MLBS, and 1.00 PP].  Within the tropical 
bamboos, the herbaceous bamboo clade (Olyreae) is strongly supported as 
monophyletic (100MPBS, 100 MLBS, 1.00 PP) and sister to the strongly 
supported tropical woody bamboos (Bambuseae; 100 MPBS, 100 MLBS, 1.00 
PP).  The tropical woody bamboos in turn consist of two clades, the paleotropical 
and neotropical woody bamboos.  Monophyly of the PWB has relatively high 
support values with 95 MPBS, 100 MLBS, and 1.00 PP.  The Neotropical woody 
bamboo clade (NWB), however, is well supported with ML analysis with 95 MLBS 
and BI analysis with 0.98 PP, but receives no MPBS support.  Each of the two 
clades within the NWB is strongly supported, however, the Chusqueinae clade 
with 100 MPBS, 100 MLBS and 1.00 PP and the Arthrostylidiinae + Guaduinae 
clade with 99 MPBS, 100 MLBS and 1.00 PP. 
The PWB clade consists of six clades: core Bambusinae, Hickeliinae, 
Melocanninae, Racemobambosinae, Oceanic woody bamboos (OWB), and 
Temburongia.  Melocanninae is strongly supported as monophyletic (98 MPBS, 
100 MLBS, 1.00 PP) and sister to the remaining PWB (98 MPBS, 100 MLBS, 
1.00 PP).  Within the Melocanninae, Cephalostachyum, Neohouzeaua, and 
Schizostachyum form a well-supported monophyletic group (99 MPBS, 100 
MLBS, 1.00 PP).  The members found in Madagascar and the Indian Ocean 
Islands of subtribe Hickeliinae form a clade (99 MPBS, 100 MLBS, and 1.00 PP) 
sister to the rest of the PWB (core Bambusinae, OWB, Temburongia, 
Racemobambosinae + non-Madagascan Nastus; 1.00 PP, but no MPBS and 
MLBS).  The two sampled species of non-Madagascan Nastus (N. 
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elegantissimus and N. productus) are supported as sister (87 MPBS, 97 MLBS, 
1.00 PP) and sister to Racemobambos hepburnii, a representative of 
Racemobambosinae, with 1.00 PP (no MPBS and MLBS).  The OWB form a 
monophyletic group with high support (97 MPBS, 99 MLBS, 1.00 PP) and sister 
to the Racemobambosinae + non-Madagascan Nastus with strong support in the 
BI analysis (0.98 PP, but no MPBS and MLBS).  The core Bambusinae forms a 
monophyletic group with high support (98 MPBS, 99 MLBS, 1.00 PP) and 
consists of three subclades: Temochloa liliana, Kinabaluchloa nebulosa + 
Holttumochloa magica (99 MPBS, 100 MLBS, 1.00 PP), and a group of 
Bambusa, Dendrocalamus, Gigantochloa, Maclurochloa, Melocalamus, 
Oxytenanthera, Psuedoxytenanthera, Soejatmia, and Thyrsostachys.  
Additionally, the trichotomy relationships of Temburongia simplex, the core 
Bambusinae, and Racemobambosinae + OWB are supported by BI analysis with 
0.99 PP, but no MPBS and MLBS support. 
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Figure 3. Consensus tree of paleotropical woody bamboos (PWB) and allies based on 
combined coding and non-coding chloroplast sequences: type species for a genus in 
boldface, * = monotypic genus, B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-
Mullerochloa-Neololeba-Parabambusa-Pinga-Sphaerobambos clade, H = Hickeliinae,  
M = Melocanninae, R = Racemobambosinae, T = Temburongia clade, NWB = 
Neotropical woody bamboos, Ar = Arthrostylidiinae, C = Chusqueinae, G = Guaduinae, 
A = Arundinarieae, O = Olyreae, OG = Outgroup.  Branches are labeled with taxon 
names and support values on the ML tree: above the branch parsimony 
bootstrap/likelihood bootstrap (MPBS/MLBS), below the branch Bayesian posterior 
probability (PP). 
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Relationships of Bambusoideae and PWB based on the nuclear topology 
The Bambusoideae (1.00 PP, no MPBS and MLBS) consists of two well-
supported clades in the nuclear dataset analysis: the woody bamboos 
(Bambuseae + Arundinarieae; 100 MPBS, 100 MLBS, 1.00 PP) and the 
herbaceous bamboos (Olyreae; 100 MPBS, 100 MLBS, 1.00 PP).  Within the 
woody bamboos, the TWB clade (Arundinarieae) is strongly supported as a 
monophyletic group (100 MPBS, 100 MLBS, 1.00 PP) and sister to the strongly 
supported tropical woody bamboos (Bambuseae; 100 MPBS, 100 MLBS,1.00 
PP).  The tropical woody bamboos in turn consist of two clades, the paleotropical 
and the neotropical woody bamboos.  Monophyly of the PWB has relatively high 
support values with 100 MPBS, 100 MLBS and 1.00 PP.  The NWB clade is 
reasonably well supported as a monophyletic group with 84 MPBS, 98 MLBS, 
and 0.92 PP.  Each of the two constituent clades of the NWB is strongly 
supported: the Chusqueinae clade with 100 MPBS, 100 MLBS and 1.00 PP and 
the Arthrostylidiinae + Guaduinae clade with 100 MPBS, 100 MLBS and 1.00 PP 
(Fig. 4).  The PWB clade consists of a polytomy of six lineages: core 
Bambusinae, Melocanninae, Racemobambosinae, Hickeliinae, OWB, and 
Temburongia.  Each of the core Bambusinae, Melocanninae, and Hickeliinae 
form a monophyletic group with strong support (100 MPBS, 100 MLBS, 1.00 PP).  
The single representative species of Racemobambosinae, Racemobambos 
hepburnii, is sister to the OWB clade (100 MPBS, 100 MLBS, 1.00 PP) with 87 
MLBS, 1.00 PP, but no MPBS.   
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Figure 4. Consensus tree of paleotropical woody bamboos (PWB) and allies base on 
combined three low-copy nuclear sequences: type species for a genus in boldface, * = 
monotypic genus, B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-Mullerochloa-
Neololeba-Parabambusa-Pinga-Sphaerobambos clade, H = Hickeliinae, M = 
Melocanninae, R = Racemobambosinae, T = Temburongia clade, NWB = Neotropical 
woody bamboos, Ar = Arthrostylidiinae, C = Chusqueinae, G = Guaduinae, A = 
Arundinarieae, O = Olyreae, OG = Outgroup.  Branches are labeled with taxon names 
and support values on the ML tree: above the branch parsimony bootstrap/likelihood 
bootstrap (MPBS/MLBS), below the branch Bayesian posterior probability (PP). 
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Chusquea scandens 
Chusquea spectabilis 
Brachyelytrum erectum 
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Evolution of morphological characters 
The plastid and nuclear datasets consist of a total of 56 and 27 taxa, 
respectively.  The 40 morphological characters are coded with 232 as missing 
data of 2240 coded cells (10.36%) and 73 as missing of 1080 coded cells 
(6.76%) in the plastid and nuclear datasets, respectively (Table 4).  The number 
of steps for each of the 40 morphological characters is presented in Fig. 5.  Eight 
informative morphological characters for the PWB classification are mapped on 
the plastid and nuclear phylogenetic trees (Figs. 6 and 7) using the ML analysis 
such as growth habit, nodal line diameter, culm branching pattern, girdle surface, 
inflorescence type, ovary pubescence, ovary apex, and number of stamens.   
 
 
 
Figure 5. Number of steps of the 40 morphological characters of bamboos and 
outgroup derived from the plastid and nuclear topologies.  The description of 
character numbers as listed in Table 3.
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Table 4. Morphological matrix of paleotropical woody bamboos: type species for a genus in boldface; * = monotypic 
genus; ? = character unknown or unobserved; - = character inapplicable. 
    Character  
Taxa 0
1 
0
2 
0
3 
0
4 
0
5 
0
6 
0
7 
0
8 
0
9 
1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
2
1 
2
2 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8 
2
9 
3
0 
3
1 
3
2 
3
3 
3
4 
3
5 
3
6 
3
7 
3
8 
3
9 
4
0 
1. Subtribe Bambusinae                                                                                  
Bambusa bambos  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 0 1 1 0 1 1 0 1 1 1 1 1 1 2 0
,
1 
1 1 0 1 1 2 2 0 0 
Bambusa vulgaris  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 0 1 1 1 1 0 2 1 1 1 1 1 1 2 1 ? 1 0 2 1 2 2 0 0 
Cyrtochloa luzonica 0 1 1 2 1 0 0 0 0 1 1 1 0 1 1 1 0 2 0
,
1 
0 1 1 ? ? ? 1 1 1 ? 0 1 0 1 0 2 ? 2 2 0 ? 
Dendrocalamus asper  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 1 1 0 0 1 0 1 0 1 1 1 ? 1 0 1 1 2 0 2 1 0 2 0 2 
Dendrocalamus latiflorus  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 2 1 0 0 1 0 1 1 1 1 1 ? 1 0 1 1 2 0 2 1 0 2 0 2 
Dendrocalamus strictus  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 1 0 - 0 1 1 2 0 1 1 1 ? 1 0 1 1 1 0 2 1 0 2 0 2 
Dinochloa malayana  0 1 ? 3 1 1 0 0 0 1 1 1 0 1 1 1 1 0 - 0 1 1 1 0 0 1 1 ? ? 0 1
,
2 
0 1 ? ? ? 2 2 0 1 
Dinochloa scandens  0 ? ? 3 1 0 0 0 0 1 1 1 0 1 1 1 2 0 - 0 1 1 0 0 0 1 1 ? ? 0 1
,
2 
0 0 ? ? ? 2 2 0 1 
Gigantochloa albociliata  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 2 0 - 0 1 0 2 1 0 1 1 1 1 0 1
,
2 
1 1 0 2 ? 0 2 1 0 
Gigantochloa apus  0 0 1 0 1 0 0 0 0 1 1 1 ? 1 0 0 1 1 0 0 1 1 2 0 1 1 1 1 1 0 2 1 1 0 2 ? 0 2 1 0 
Gigantochloa atter  0 0 1 0 1 0 0 0 0 1 1 1 0 1 0 0 1 1 0 0 1 1 1 0 1 1 1 1 ? 0 1
,
2 
1 1 0 2 ? 0 2 1 ? 
Greslania rivularis 0 0 0 0 1 0 0 0 0 1 1 1 0 1 0 ? 1 ? ? 1 1 0 0 1 0 0 0 1 1 2 1 1 0 2 0 ? 2 2 0 2 
Holttumochloa magica  0 ? ? 2 1 0 ? 0 0 2 0 0 ? 1 0 0 0 ? ? 0 1 1 1 0 0 1 1 1 1 2 1 1 1 0 2 ? 2 2 0 0 
Kinabaluchloa nebulosa  0 ? ? 2 1 0 1 0 ? 1 0 1 ? 1 1 0 2 0 - 0 1 0 1 0 0 1 1 1 1 2 1 1 1 2 0 ? 2 2 0 ? 
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Table 4. (continued) 
    Character  
Taxa 0
1 
0
2 
0
3 
0
4 
0
5 
0
6 
0
7 
0
8 
0
9 
1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
2
1 
2
2 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8 
2
9 
3
0 
3
1 
3
2 
3
3 
3
4 
3
5 
3
6 
3
7 
3
8 
3
9 
4
0 
*Maclurochloa montana  0 ? ? 0 1 0 0 0 ? 1 1 1 0 1 1 0 2 ? ? 0 1 0 2 1 0 1 1 ? 1 2 2 1 1 0 1 ? 2 2 0 ? 
Melocalamus 
compactiflorus  
0 0 ? 2 1 0 ? 0 ? 1 1 1 0 1 0 0 1 1 1 0 1 1 1 0 1 1 1 ? 1 2 1 1 0 0 1 ? 1 2 0 1 
*Mullerochloa 
moreheadiana  
0 0 ? 2 1 1 0 0 1 1 1 1 ? 1 1 1 1
,
2 
0 - 0 1 0 ? ? ? 1 1 ? 1 2 1 1 0 0 2 ? 0
,
1 
1 1 ? 
*Neololeba atra  0 0 ? 2 1 0 ? 0 0 1 1 1 0 1 1 1 0 1 0 0 1 1 3 1 0 1 1 ? ? 0 1 ? 1 ? 2 ? 2 2 0 ? 
*Oxytenanthera abyssinica  0 0 1 1 1 0 0 0 0 1 1 1 1 1 0 0 0 0 - 0 1 ? 1 1 0 1 1 1 1 0 1 0 1 0 2 ? 2 2 1 0 
*Parabambusa kaini 0 ? ? 2 1 ? ? 0 ? 1 1 1 0 1 1 1 0 1 0 0 1 1 0 1 0 1 1 ? 1 0 1 1 ? ? ? ? 2 2 0 ? 
Pseudoxytenanthera 
monadelpha  
0 ? ? 1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 0 1 1 0 0 0 0 1 1 1 1 0 1 1 1 0 2 1 1
,
2 
2 1 0 
*Soejatmia ridleyi  0 1 1 2 1 0 0 0 ? 1 1 1 0 1 1 1 0 1 1 0 ? 1 1 0 1 1 1 1 ? 2 1 1 1 0 2 ? 2 2 0 0 
Sphaerobambos hirsuta  0 ? ? 2 1 1 0 0 ? 1 1 1 0 1 1 1 1 1 1 0 1 1 2 0 1 1 1 1 ? 0 2 1 2 0 2 ? 2 2 0 1 
*Temburongia simplex  0 0 ? 2 1 0 1 0 ? 1 1 1 1 1 0 0 0 1 0 0 1 1 2 1 1 0 0 1 1 2 1 1 0 2 1 1 2 2 0 0 
*Temochloa liliana 0 0 ? 2 1 0 0 0 0 1 ? 1 1 1 1 0 0 ? ? 0 ? ? 0 0 1 0 0 1 1 ? 1 1 0 ? 1 ? 2 2 ? ? 
Thyrsostachys siamensis  0 0 1 0
,
1 
1 0 0 1 ? 1 1 1 0 1 0 0 0 0 - 0 1 0 0 1 0 1 1 1 1 0
,
2 
1 1 0 0 2 1 2 2 0 0 
2. Subtribe Melocanninae                                                                                 
Cephalostachyum pergracile  0 0 ? 1 1 0 0 0 ? 1 0 1 1 1 1 0 1 1 0
,
1 
0
,
1 
1 0 2 1 0 1 1 1 1 2 1
,
2 
1 0 0 2 0 2 2 0 0 
*Davidsea attenuata  0 0 ? 1 1 0 0 0 0 1 1 1 0 1 0 0 1 1 0 0 1 1 1 1 0 1 1 1 1 2 1 1 0 0 2 ? 2 2 0 ? 
Melocanna baccifera  0 1 1 1 1 0 0 0 0 1 0 1 0 1 0 0 1 0 - 1 1 0 2 1 0 1 1 1 0 1 1
,
2 
1 0 0 2 0 2 2 0 1 
Neohouzeaua mekongensis  0 ? ? 0 1 0 0 0 0 1 0 1 0 1 0 0 2 0 - 0 1 1 ? ? ? 1 1 1 1 0 2 1 ? ? 2 ? 2 2 1 2 
Ochlandra stridula 0 0 ? ? 1 0 0 0 0 1 1 1 0 1 0 0 2 1 0 0 1 1 2 1 0 1 1 1 1 3 2 ? 0 0 2 ? 3 3 0 1 
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Table 4. (continued) 
    Character  
Taxa 0
1 
0
2 
0
3 
0
4 
0
5 
0
6 
0
7 
0
8 
0
9 
1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
2
1 
2
2 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8 
2
9 
3
0 
3
1 
3
2 
3
3 
3
4 
3
5 
3
6 
3
7 
3
8 
3
9 
4
0 
*Pseudostachyum 
polymorphum  
0 1 ? 1 1 0 0 0 0 1 0 1 0 1 0 0 0 0 - 0 1 0 1 0 1 1 1 1 ? 2
,
3 
1 1 0 0 2 0 1 2 0 2 
Schizostachyum blumei  0 0 ? 1 1 0 0 0 ? 1 0 1 0 1 0 0 1 1 0 0 1 1 2 0 1 1 1 1 1 2 0 1 0 0 2 0 2 2 0 0 
Schizostachyum caudatum  0 0 ? 1 1 0 0 ? ? ? 0 1 ? 1 0 0 0 1 0 0 ? ? 2 0 1 1 1 1 1 2 0 1 0 0 2 0 2 2 0 0 
3. Subtribe Hickeliinae                                                                                 
Cathariostachys capitata  0 1 ? 1 1 1 ? 0 1 1 1 1 1 1 ? ? 1 ? ? 1 1 1 1 0 0 0 0 1 0 0 2 1 2 0 2 1 2 2 0 2 
*Decaryochloa diadelpha 0 1 ? 1 1 2 0 0 1 1 1 1 2 1 1 0 1 1 1 0 1 ? 0 2 1 0 0 1 1 ? 2 1 2 0 1 1 2 2 0
,
1 
0 
Hickelia madagascariensis  0 1 ? 2 1 2 0 0 1 1 1 1 2 1 1 0 1 0 - 0 1 0 1 0 1 0 0 1 1 2 2 1 0 ? 0 1 2 2 0 0 
Nastus borbonicus  0 0 ? 1 1 1 0 0 0 1 0 1 1 1 0 0 ? ? ? 0 1 1 0 0 0 0 0 1 0 2 2 1 2 0 0 ? 2 2 0 ? 
Nastus elegantissimus  0 0 ? 2 1 0 ? 0 0 1 1 1 1 1 ? ? 2 ? ? 0 1 ? 1 0 0 0 0 1 0 2 2 0 2 1 0 ? 2 2 0 0 
Nastus elongatus  0 0 ? 2 1 2 ? 0 1 1 1 1 2 1 0 0 ? 0 - 0 1 1 0 0 0 0 0 1 0 2 2 1 2 ? 0 ? 2 2 0 ? 
Nastus productus  0 0 ? 2 1 2 ? 0 1 2 1 1 2 1 ? ? 1 1 0 0 1 1 ? ? ? 0 0 0 0 2 2 1 0 ? 0 ? 2 2 0 ? 
Perrierbambus 
madagascariensis  
0 1 ? 2 1 2 ? 0 0 1 1 1 2 1 ? ? ? ? ? 0 1 ? 1 1 0 0 0 0 0 2 2 1 ? 1 0 ? 1 2 0 0 
*Sirochloa parvifolia  0 0 ? 1 1 1 0 0 0 1 1 1 1 1 1 0 1 0 - ? 1 1 2 0 0 0 0 1 1 2 2 1 0 0 1 1 2 2 0 2 
Valiha diffusa  0 1 ? 1 1 2 0 0 1 1 1 1 2 1 1 0 1 1 0 0 1 0 1 0 0 0 0 1 1 2 2 1 2 0 2 1 2 2 0 2 
4. Subtribe 
Racemobambosinae 
                                                                                
Racemobambos hepburnii  0 1 ? 2 1 0 0 0 1 1 1 1 0 1 0 0 2 0 - 1 1 1 0 0 0 0 0 1 0 2 2 1 1 1 0 1 2 2 0 ? 
5. Outgroup                                                                                 
5.1 Subtribe Guaduinae                                         
Guadua angustifolia  0 0 1 1 1 0 0 0 0 1 1 1 0 1 0 0 0 0 - 0 1 0 0 1 0 1 1 1 1 2 0 1 0 0 1 ? 2 2 0 0 
Otatea acuminata  0 0 1 1 1 0 0 0 0 1 0 1 0 1 0 0 1 0 - 0 1 1 0 1 0 0 0 0 0 2 1 1 0 0 1 ? 1 0 0 0 
5.2 Subtribe Arthrostylidiinae                                         
Aulonemia queko 0 ? ? 1 ? 0 0 0 0 1 1 1 0 1 0 0 2 0 - 1 1 1 0 1 0 0 0 0 0 2 1 1 0 0 1 ? 1 0 0 0 
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Table 4. (continued) 
    Character  
Taxa 0
1 
0
2 
0
3 
0
4 
0
5 
0
6 
0
7 
0
8 
0
9 
1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
2
1 
2
2 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8 
2
9 
3
0 
3
1 
3
2 
3
3 
3
4 
3
5 
3
6 
3
7 
3
8 
3
9 
4
0 
Rhipidocladum harmonicum  0 0 1 2 ? 0 0 0 0 1 0 1 0 1 0 0 0 0 - 1 1 1 0 0 0 0 0 0 0 2 1
,
2 
1 0 0 1 ? 1 0 0 0 
5.3 Subtribe Chusqueinae                                         
Chusquea scandens  1 0 1 1 1 1 0 1 0 2 0 1 1 1 0 0 0 0 - 0 1 0 0 0 1 0 0 0 0 2 2 0 0 0 1 1 1 0 0 0 
Chusquea spectabilis  0 0 1 0 0 0 ? 0 0 1 - - - 1 0 0 0 0 - 0 1 1 1 1 1 0 0 0 0 2 2 0 0 0 1 ? 1 0 0 0 
5.4 Olyreae                                         
*Buergersiochloa 
bambusoides  
0
,
1 
? 0
,
1 
0 0 0 ? 0 - 1 - - ? 0 - - - - - ? ? 1 1 0 0 0 0 0 0 2 1 0 0 0 2 ? 1 0 1 ? 
Olyra latifolia  0 0 1 2 1 0 0 0 0 1 0 1 0 0 - - - - - 0 0 1 0 0 0 0 0 0 0 2 0
,
1 
0 0 0 ? ? 1 0 0 0 
5.5 Temperate bamboos                                         
Arundinaria gigantea 1 0 0 1 1 0 0 0 0 1 1 1 0 1 0 0 0
,
1 
1 0 0 1 1 0 1 0 0 0 ? 0 2 1 1 0 0 1 ? 2 0 0 0 
Phyllostachys 
bambusoides  
1 0 0 1 1 0 0 1 0 1 0 1 0 1 0 0 2 1 0 0 1 1 0 1 0 1 1 1 1 1
,
2 
1 1 0 0 2 ? 2 0 0 0 
5.6 Pooideae                                         
Brachyelytrum erectum  0 0 1 0 0 0 0 0 - 0 - 0 0 0 - - - - - 0 0 0 0 0 0 0 0 0 0 1 1 1 2 0 2 0 1 0 0 0 
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In vegetative characters, the growth habit of most woody bamboos is erect 
with pendulous tip, but some of them are erect (Chusquea spectabilis, Greslania 
rivularis, Gigantochloa apus, G. atter, Maclurochloa montana, and Neohouzeaua 
mekongensis), scrambling (Hickelia madagascariensis, Holttumochloa magica, 
Kinabaluchloa nebulosa, Melocalamus compactiflorus, Nastus elongatus, 
Perrierbambos madagascariensis, Rhipidocladum harmonicum, Soejatmia 
ridleyi, Temochloa liliana, Temburongia simplex, Racemobambosinae + non-
Madagascan Nastus clade, and the CDMNPS clade without two species of 
Dinochloa), or twining (Dinochloa malayana and D. scandens).  The horizontal 
nodal line position is an ancestral trait in this study, with two character state 
changes, however, detected in the tropical woody bamboos: (1) slightly dipping 
nodal line in Cathariostachys capitata, Chusquea scandens, Dinochloa 
malayana, Nastus borbonicus, Sirochloa parvifolia, Sphaerobambos hirsuta, and 
Valiha diffusa; and (2) markedly dipping nodal line in Nastus productus and most 
species of Hickeliinae except the four species mentioned above.  The majority of 
the PWB have intravaginal branching excluding all Madagascan taxa, Nastus 
elegantissimus, N. productus, Temburongia simplex, Temochloa liliana, 
Pseudoxytenanthera monadelpha, and Oxytenanthera abyssinica.  The presence 
of a girdle at the base of the culm leaf appears in all PWB, but the wrinkled girdle 
surface can be found in only the CDMNPS clade and Soejatmia ridleyi.   
Reproductively, the indeterminate inflorescence is defined by the 
presence of gemmiparous bracts, which are found in Melocanninae, the core 
Bambusinae except Temochloa liliana, and the CDMNPS except Greslania 
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rivularis.  The glabrous ovary is plesiomorphic in Bambusoideae, with two 
character state changes in the PWB: (1) glabrous ovary with a hairy apex in 
Cyrtochloa luzonica, Dinochloa malayana, Neololeba atra, Racemobambos 
hepburnii, the core Bambusinae except Dendrocalamus asper, D. latiflorus, 
Melocalamus compactiflorus, Temochloa liliana, and Thyrsostachys siamensis; 
(2) pubescent ovary in Dendrocalamus asper, D. latiflorus, Sphaerobambos 
hirsuta, and most Hickeliinae except Sirochloa parvifolia, and Hickelia 
madagascariensis (state unknown for Perrierbambos madagascariensis).  Two 
derived character states of the ovary apex of the PWB are evolved from narrow 
ovary apex and continuous with the style base: (1) blunt ovary apex and style 
base forming a hood on the top for Perrierbambos madagascariensis, and 
Racemobambosinae + non-Madagascan Nastus; (2) blunt ovary apex but hood 
absence for Greslania rivularis, Kinabaluchloa nebulosa, and Temburongia 
simplex.  The plesiomorphic number of stamens of Bambusoideae is three, but 
Guadua angustifolia and all the PWB presented six stamens except for four 
stamens in Mullerochloa moreheadiana and 27 stamens in Ochlandra stridula. 
 
Relationships of PWB and allies based on morphological characters 
The morphological evolution of Bambusoideae based on the cpDNA and 
nDNA phylogenies (Figs. 6 and 7) suggests that most bamboos have aerial 
branching except Buegersiochloa bambusoides and Chusquea spectabilis 
(character 5), one primary bud per mid-culm node (character 10), and secondary 
branching except in Holttumochloa magica (character 12).  There is no 
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morphological character to diagnose tropical bamboos from the other bamboos, 
but the absence of culm leaves (character 14) and outer ligules (character 21) 
are employed to categorize the herbaceous bamboos from the woody bamboos.  
Moreover, the woody bamboos can be identified by presence of culm leaves 
(character 14) and outer ligule (character 21).  Within the woody bamboo clade 
base on nuclear results, the TWB are separated from the tropical woody 
bamboos morphologically by presence of monopodial rhizomes with slender 
internodes of the sympodial rhizomes (characters 1 and 3). 
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Figure 6. Morphological character states mapped on the consensus plastid tree: type species for 
a genus in boldface, * = monotypic genus, B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-
Mullerochloa-Neololeba-Parabambusa-Pinga-Sphaerobambos clade, H = Hickeliinae, M = 
Melocanninae, R = Racemobambosinae, T = Temburongia clade, NWB = Neotropical woody 
bamboos, Ar = Arthrostylidiinae, C = Chusqueinae, G = Guaduinae, A = Arundinarieae, O = 
Olyreae, OG = Outgroup, Growth habit ( = erect, = erect with pendulous tip,  = 
clambing/scandent,  = twining), Nodal line position [ = horizontal, = dipping slightly below the 
bud(s), = dipping markedly below the bud(s)], Culm branching pattern ( = intravaginal, = 
extravaginal, = infravaginal), Girdle surface ( = smooth,  = wrinkled), Inflorescence type ( = 
determinate, = indeterminate), Ovary pubescence ( = glabrous, = glabrous with hairy at 
apex, = pubescent), Ovary apex ( = narrow and continuous with the style base, = blunt and 
the style base forming a cap on top, = blunt and hood absent), Number of stamens (ST=3 = 
three stamens, ST=4 = four stamens, ST=6 = six stamens, ST>6 = more than six stamens). 
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Pseudostachyum polymorphum 
Olyra latifolia 
Buergersiochloa bambusoides* 
Phyllostachys bambusoides 
Arundianria gigantea 
Schizostachyum blumei 
Schizostachyum caudatum 
Melocanna baccifera 
Bambusa vulgaris 
Gigantochloa atter 
Dendrocalamus latiflorus 
Dendrocalamus asper 
Oxytenanthera abyssinica* 
Cathariostachys capitata 
Hickelia madagascariensis 
Temburongia simplex* 
Racemobambos hepburnii 
Neololeba atra* 
Parabambusa kaini* 
Aulonemia queko 
Guadua angustifolia 
Otatea acuminata 
Chusquea scandens 
Chusquea spectabilis 
Brachyelytrum erectum 
Valiha diffusa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Morphological character states mapped on the consensus nuclear tree: type species for 
a genus in boldface, * = monotypic genus, B = Bambusinae, CDMNPS = Cyrtochloa-Dinochloa-
Mullerochloa-Neololeba-Parabambusa-Pinga-Sphaerobambos clade, H = Hickeliinae, M = 
Melocanninae, R = Racemobambosinae, T = Temburongia clade, NWB = Neotropical woody 
bamboos, Ar = Arthrostylidiinae, C = Chusqueinae, G = Guaduinae, A = Arundinarieae, O = 
Olyreae, OG = Outgroup, Growth habit ( = erect, = erect with pendulous tip,  = 
clambing/scandent), Nodal line position [ = horizontal, = dipping slightly below the bud(s), = 
dipping markedly below the bud(s)], Culm branching pattern ( = intravaginal, = extravaginal, = 
infravaginal), Girdle surface ( = smooth,  = wrinkled), Inflorescence type ( = determinate, = 
indeterminate), Ovary pubescence ( = glabrous, = glabrous with hairy at apex, = pubescent), 
Ovary apex ( = narrow and continuous with the style base, = blunt and the style base forming a 
cap on top, = blunt and hood absent), Number of stamens (ST=3 = three stamens, ST=6 = six 
stamens). 
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DISCUSSION 
Phylogenetic relationships of the PWB and allies using molecular characters 
The plastid and nuclear analyses confirm that Bambusoideae forms a 
monophyletic group as in previous studies (Bouchenak-Khelladi et al. 2008; 
Sungkaew 2009; Kelchner et al. 2013; Chokthaweepanich unpubl. data).  
Although the monophyly of tropical bamboos (Bambuseae + Olyreae) vs. woody 
bamboos (Bambuseae + Arundinarieae) remains incongruent between the plastid 
and nuclear phylogenies (GPWG 2001; Clark et al. 2007; Bouchenak-Khelladi et 
al. 2008, 2010; Sungkaew 2009; BPG 2012; Kelchner et al. 2013; 
Chokthaweepanich unpubl. data), the relationships between the two major clades 
of tropical woody bamboos (Bambuseae: PWB and NWB) and the three 
subtribes of the NWB (Arthrostylidiinae, Chusqueinae, and Guaduinae) are still 
the same in two datasets (Figs. 3 and 4) (Kelchner and Clark 1997; Clark et al. 
2007; Judziewicz and Clark 2007; Fisher et al. 2009; Sungkaew et al. 2009; 
Kelchner et al. 2013; Chokthaweepanich et al. unpubl. data). 
The cause of incongruence between plastid and nuclear datasets can be 
explained by incomplete lineage sorting, introgression, horizontal gene transfer, 
convergent evolution, and homoplasy (Doyle 1992; Maddison 1997; Wendel and 
Doyle 1998; Maddison and Knowles 2006; Degnan and Rosenberg 2009; 
Degtjareva et al. 2012; Zhang et al. 2012; Kelchner et al. 2013; Yu et al. 2013).  
This systematic problem potentially could be resolved by increasing the number 
of nuclear markers, sampled taxa, and additional morphological analyses 
(Wendel and Doyle 1998; Zhang et al. 2012; Kelchner et al. 2013). 
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 Even though both plastid and nuclear analyses support the monophyly of 
the PWB, the evolutionary relationships among the six lineages of the PWB are 
different in the two datasets.  The plastid analyses strongly support the 
Melocanninae as a monophyletic group sister to the rest of the PWB and then the 
Madagascan Hickeliinae is strongly supported as monophyletic and sister to the 
other lineages of the PWB, consistent with preceding work (Clark et al. 2007; 
Yang et al. 2008; Sungkaew et al. 2009; Kelchner et al. 2013; Chokthaweepanich 
et al. unpubl. data).  The non-Madagascan Nastus are removed from the subtribe 
Hickeliinae and are placed sister to Racemobambos hepburnii 
(Chokthaweepanich et al. unpubl. data), although with only moderate support.  
The CDMNPS are resolved as distinct from the core Bambusinae forming a 
monophyletic group including members of the CDMNPS clade plus the New 
Caledonian endemic Greslania, and the CDMNPS are resolved as sister to the 
Racemobambosinae + non-Madagascan Nastus, but without strong support (Goh 
et al. 2010, 2013; Chokthaweepanich et al. unpubl. data).  The 
Racemobambosinae + non-Madagascan Nastus and the CDMNPS clade are 
sister to the core Bambusinae + Temburongia simplex or, in the reduced 
sampling shown in Fig. 3, these three clades form a trichotomy.  A polytomy is 
produced among sampled taxa of the core Bambusinae consistent with the 
previous analyses (Yang et al. 2008; Sungkaew et al. 2009; Goh et al. 2010, 
2013; Chokthaweepanich et al. unpubl. data).  The phylogenetic relationships of 
the PWB based on the nuclear analyses are distinctive from the plastid analyses 
by the appearance of a polytomy among all lineages of the PWB (Fig. 4), even 
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though the monophyly of Melocanninae and Madagascan Hickeliinae are still 
strongly supported.  However, the CDMNPS group is still sister to 
Racemobambos as in the plastid results (Goh et al., 2013; Chokthaweepanich 
unpubl. data). 
  
Morphological evolution and classification of the PWB 
 Rhizome structure is a critical feature for bamboo classification and 
presumably is also critical in the ecological success of bamboos (Soderstrom 
1981b; Stapleton 1998; Judziewicz et al. 1999).  Bamboo rhizome systems are 
divided into two major branching types: monopodial (leptomorph) and sympodial 
(pachymorph) systems (McClure 1966; Wen 1985; Clark and Fisher 1987; Wong 
1986; Dransfield and Widjaja 1995; Wong 1995; Stapleton 1997, 1998; 
Judziewicz et al. 1999).  Sympodial branching is the plesiomorphic character 
state of Bambusoideae and presence of monopodial (true rhizome) branching in 
the TWB is the derived trait (App. B, Char. 1), which is consistent with prior 
studies (Holttum 1955a; Wen 1985; Wong 1986, 1995; Clark et al. 1995; 
Stapleton 1998; Judziewicz et al. 1999; BPG 2012).  However, some bamboos, 
e.g., Chusquea scandens in this study, show both monopodial and sympodial 
branching (or amphipodial) in the same rhizome system.  This investigation 
confirms that leptomorph or amphimorph branching is not found in the PWB 
(Holttum 1955a, 1958; Wong 1986; Judziewicz et al. 1999).  Moreover, short-
necked pachymorph rhizomes are also hypothesized to be an ancestral trait from 
the evolutionary trees (App. A, Char. 2, 3; App. B, Char. 2, 3), so that the long-
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necked pachymorph rhizomes in some species of the PWB such as 
Cathariostachys capitata, Cyrtochloa luzonica, Decaryochloa diadelpha, 
Dinochloa malayana, D. scandens, Hickelia madagascariensis, Melocanna 
baccifera, Perrierbambos madagascariensis, Pseudostachyum polymorphum, 
Racemobambos hepburnii, Soejatmia ridleyi, and Valiha diffusa would then be 
considered to be derived (App. A, Char. 2, 3; App. B, Char. 2, 3).  The expected 
relationship between rhizome branching and pachymorph rhizome width is that 
most of sympodial branching would develop with proximal internodes that are 
thicker than the distal internodes.  These associated structures, which are short 
and thick sympodial rhizomes, can be found in the tropical bamboos (Wong 
1986, 1995).  Nonetheless, information on pachymorph rhizome morphology is 
not available for most of the PWB (App. A, Char. 3; App. B, Char. 3).  This 
hypothesis and others regarding rhizome evolution will need to be clarified in 
future studies. 
 Generally, the growth habit of bamboos is erect with a pendulous or 
arching tip, but distinctive habits can be perceived in some taxa of the PWB such 
as twining (Dinochloa malayana and D. scandens) and clambering (Cyrtochloa 
luzonica, Hickelia madagascariensis, Holttumochloa magica, Kinabaluchloa 
nebulosa, Melocalamus compactiflorus, Mullerochloa moreheadiana, Nastus 
elegantissimus, N. elongatus, N. productus, Neololeba atra, Parabambusa kaini, 
Perrierbambos madagascriensis, Racemobambos hepburnii, Sphaerobambos 
hirsuta, Soejatmia ridleyi, Temochloa liliana, and Temburongia simplex) (App. A, 
Char. 4; App. B, Char. 4).  Wong (1986) and Dransfield (1981) reported that 
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Dinochloa twining bamboos have short internodes to support twisting around 
other plants as zig-zag behavior.  This attribute is an ambiguous character for 
bamboo classification because some bamboos exhibit distinct habits in different 
growth phases or as a light reaction (Judziewicz et al. 1999), but others are quite 
consistent, especially in the PWB. 
All sampled PWB present aerial branching; this trait is also observed in 
the other clades (App. A, Char.5; App. B, Char. 5).  So it is an uninformative 
character for PWB classification.  Moreover, a single primary bud is usually 
produced at the nodal region at mid-culm nodes in the majority of bamboos 
including the PWB except for Chusquea scandens, Holttumochloa magica, and 
Nastus productus (App. A, Char. 10; App. B, Char. 10), in which two or more 
than two buds are produced at each node (McClure 1966; Holttum 1967; Clark 
1985, 1989; Wong 1993; Judziewicz et al. 1999; Clark et al. 2007).  The 
emergence of multiple buds is unusual in the grasses and woody bamboos, but 
this character state can be found in some genera of the woody bamboos 
especially the genus Chusquea (McClure 1973; Clark 1985; Clark and Fisher 
1987).  Most bamboos present a triangular, upwardly oriented primary bud 
shape, but some taxa in the PWB (Cathariostachys capitata, Decaryochloa 
diadelpha, Hickelia madagascariensis, Mullerochloa moreheadiana, Nastus 
elongatus, N. productus, Racemobambos hepburnii, and Valiha diffusa) possess 
a circular (dome) primary bud shape that is horizontally oriented (App. A, Char. 9; 
App. B, Char. 9) (Holttum 1967; Dransfield 1983, 1992, 1994, 1996, 1998b; 
Wong 2005; Clark et al. 2007).  Although not included in this analysis, the 
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species of Chusquea subgenus Rettbergia and some species of the Euchusquea 
clade also have domed-shaped central buds (Clark 1997; Judziewicz et al. 1999; 
Clark et al. 2007).  Primary bud shape, therefore, is an unsuitable feature to 
diagnose lineages of PWB and classify the PWB from other clades of 
Bambusoideae.  Additionally, shape and number of primary buds do not correlate 
with size of secondary axes according to both sets of character optimizations.  In 
most PWB, the central primary axis is more dominant in size than the secondary 
axes, and the result is the smaller subsequent branches in diameter and length 
(App. A, Char. 11; App. B, Char. 11) (McClure 1966).   
 Horizontal nodal line position is the general and apparently plesiomorphic 
condition in bamboos (App. A, Char. 6; App. B, Char. 6).  There are two derived 
character state changes found in the NWB and PWB: nodal lines slightly dipping 
below the buds/branches (Chusquea scandens, Cathariostachys capitata, 
Dinochloa malayana, Mullerochloa moreheadiana, Nastus borbonicus, Sirochloa 
parvifolia, Sphaerobambos hirsuta, and Valiha diffusa) and nodal lines markedly 
dipping below the buds (Decaryochloa diadelpha, Hickelia madagascariensis, 
Nastus elongatus, N. productus, and Perrierbambos madagascariensis).  Based 
on both sets of optimizations, the horizontal nodal line state cannot be detected 
in the Hickeliinae.  Thus slightly or markedly dipping nodal lines might be a 
criterion to classify the Hickeliinae species from the other bamboo clades that is 
similar to Clark et al.’s (2007) results.  Furthermore, most of Bambusoideae show 
a diameter of the nodal line that is more or less the same the adjacent internodes 
except for Temburongia simplex and Kinabaluchloa nebulosa, which display a 
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patella (flange-like extension) at the node that is a derived feature in the PWB 
(App. A, Char. 7; App. B, Char. 7) (Wong 1993; Dransfield and Wong 1996).  The 
supranodal ridge (the top edge of the nodal region) of bamboos in general is not 
noticeable excluding Chusquea scandens, Phyllostachys bambusoides, and 
Thyrsostachys siamensis (App. A, Char. 8; App. B, Char. 8) (McClure 1957; 
Dransfield 1992; Dransfirld and Widjaja, 1995; Clark 1997).  Therefore, nodal line 
diameter and supranodal ridge development are inappropriate characters to use 
classifying the PWB or examining its evolution. 
However, the presence of secondary branches could be inferred to be a 
possible synapomorphy of Bambusoideae based on these analyses because this 
trait is present in most bamboos except for Holtumochloa magica that the 
secondary branch is absent.  This information lacks in Buegersiochloa 
bambusooides and Chusquea spectabilis (App. A, Char. 12; App. B, Char. 12).  
There are three distinctive branching patterns in bamboos, presumably for light 
competition: intravaginal, extravaginal, and infravaginal branching (Clark and 
Fisher 1987; Judziewicz et al. 1999).  Extravaginal and infravaginal branching 
are considered to be derived states, and intravaginal branching is realized to be 
a conventional character state in this analysis (App. A, Char. 13; App. B, Char. 
13).  Infravaginal branching is a derived form, modified from extravaginal 
branching with a well-developed girdle and horizontal or declining branches that 
break through the girdle, and co-occurring with markedly dipping nodal lines 
(App. A, Char. 6; App. B, Char. 6) (Judziewicz et al. 1999).  Most of the PWB 
have intravaginal branching except for all Hickeliinae taxa, which gained either 
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extravaginal or infravaginal branching patterns.  Infravaginal branching is 
common in arching and scandent bamboos (McClure 1973; Clark and Fisher 
1987), but not all scandent bamboos, such as the clambering bamboos in the 
CDMNPS clade, have the infravaginal pattern. 
Culm leaves (Character 14) are usually not differentiated in the grasses 
and most herbaceous bamboos (Soderstrom and Zuloaga, 1989; Veldkamp 
1997), but they are prevalent in the woody bamboos (Holttum 1958; McClure 
1966; Soderstrom and Ellis 1988; Dransfield 1992; Dransfield and Widjaja 1995; 
Wong 1995; Judziewicz et al. 1999).  The appearance of culm leaves can thus 
be used to diagnose a woody bamboo clade as shown in the nuclear topology 
(App. B, Char. 14) but would have to have been evolved twice in the plastid 
topology (App. A, Char. 14) or at least lost in the herbaceous bamboos.  An 
important character of culm leaves is the development of a differentiated culm 
leaf-sheath base (girdle) that is prominently or poorly developed (McClure 1966; 
Widjaja 1997; Judziewicz et al. 1999; Wong 2005).  Wong (2005) and Goh et al. 
(2013) reported that most Southeast Asian and Australian climbing bamboos 
reveal a conspicuous girdle that is transversely wrinkled.  The results of this 
morphological combination support the CDMNPS clade with the analyses from 
plastid and nuclear sequences (App. A, Char. 15, 16; App. B, Char. 15, 16) (Goh 
et al. 2013; Chokthaweepanich unpubl. data).  The orientation of the culm leaf 
blade is erect or more or less strongly deflexed in the PWB and varies in 
occurrence between different species (App. A, Char. 17; App. B, Char. 17).  It 
hence is a homoplasious feature to distinguish for each lineage of the PWB or 
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Bambusoideae.  Furthermore, the presence and orientation of auricles on the 
culm leaf sheath are also diverse and cannot be used to diagnose any clade in 
the PWB (App. A, Char. 18, 19; App. B, Char. 18, 19).   
Morphological features of foliage leaves, produced on the branches and 
functioning in photosynthesis, are useful for bamboo classification (Wong 1995).  
Although the absence of the abaxial green stripe is implied to be plesiomorphic in 
this study, the presence of an abaxial green stripe in some of tropical woody 
bamboos appear to be homoplastic, as this feature appears in each clade of the 
PWB and in other bamboo taxa as well (App. A, Char. 20; App. B, Char. 20) 
(Dransfield 1983, 1998b, 1992, 2002b, Soderstrom and Ellis 1988; Dransfield 
and Widjaja 1995).  However, this analysis found that the expression of outer 
ligule is a synapomorphy of the woody bamboos in the nuclear topology (App. B, 
Char. 21) (Soderstrom and Ellis 1988; Soderstrom and Zuloaga 1989; Dransfield 
1992; Dransfield and Widjaja 1995; Wong 1995; Judziewicz et al. 1999).  The 
presence of auricles on foliage leaves is an ambiguous character and cannot be 
used to identify any clade of Bambusoideae including the PWB based on this 
investigation (App. A, Char. 22; App. B, Char. 22).   
With regard to foliage leaf anatomy, Soderstrom and Ellis (1987) 
suggested that the appearance of an S-shaped keel in the foliage leaf blade is a 
potential synapomorphy of Melocanninae, but they did not clearly define this 
character nor did they illustrate it.  This systematic examination disproves their 
hypothesis because the S-shaped keel (Fig. 1), although found in several 
species of Melocanninae (e.g. Melocanna baccifera), is also recovered from 
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many species in other lineages of the PWB such as Bambusa vulgaris, 
Dendrocalamus strictus, Gigantochloa albociliata, G. apus, Maclurochloa 
montana, Sirochloa parvifolia, Sphaerobambos hirsuta, and Temburongia 
simplex.  Additionally, a slightly S-shaped keel is also found in some sampled 
species of Melocanninae such as Davidsea attenuata and Pseudostachyum 
polymorphum (App. A, Char. 23; App. B, Char. 23).  Soderstrom and Ellis (1987) 
also proposed the adaxially projecting midrib (Fig. 2) as a synapomorphy of 
Hickeliinae.  In the present analysis, this character state occurs in representative 
taxa in the other clades of the PWB and only Decaryochloa diadelpha of the 
Hickeliinae clearly shows the adaxially projecting midrib, whereas most of 
Madagascan species present the midrib protruding on both sides (App. A, Char. 
24; App. B, Char. 24).  Therefore, the S-shaped keel and adaxially projecting 
midrib are poor criteria to diagnose the Melocanninae and Hickeliinae, 
respectively.  Even though most grasses, including the bamboos, display 
bulliform cells on the upper epidermis, the variation of their position compared 
with the epidermal cells may be a useful feature for bamboo classification 
(Bamboo Biodiversity, http://www.eeob.iastate.edu/research/bamboo).  The 
results of the present analysis confirm that this character is an uninformative trait 
to determine any clade of the PWB (App. A, Char. 25; App. B, Char. 25). 
The inflorescence of sampled bamboos can be divided into two notable 
patterns: (1) determinate or semelauctant inflorescences in which all spikelets 
are developed and mature within one period; and (2) Indeterminate or iterauctant 
infloresecences in which spikelets are developed at different periods and extend 
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the inflorescence by branching (McClure 1934, 1966; Dransfield and Widjaja 
1995; Wong 1995; Judziewicz et al. 1999).  This investigation supports the 
hypothesis that the determinate inflorescence, lacking lateral buds in bracts 
below the spikelet proper, is plesiomorphic in bamboos (Holttum 1958; McClure 
1966; Soderstrom 1981b; Wen, 1985; Wong 1995).  This inflorescence type can 
be perceived in the Hickeliinae, Racemobambosinae + non-Madagascan Nastus, 
Greslania rivularis, Temochloa liliana, Temburongia simplex, the NWB except for 
Guadua angustifolia, Olyreae, and Arundinaria gigantea.  The derived form of the 
bamboo inflorescence, indeterminate inflorescences, appears independently in 
the core Bambusinae (except for Temochloa liliana), Melocanninae, the 
CDMNPS (except Greslania rivularis), Guadua angustifolia, and Phyllostachys 
bambusoides.  Moreover, this analysis indicates the correlations among the 
inflorescence types, gemmiparous bracts, subtending bracts, and prophylls 
explored by Stapleton (1997) that the indeterminate inflorescences produce 
gemmiparous bracts, subtending bracts, and prophylls, whereas the determinate 
inflorescences lack gemmiparous bracts but subtending bracts and prophylls can 
be present (App. A, Char. 26, 27, 28, 29; App. B, Char. 26, 27, 28, 29).  The 
presence of a rachilla extension is widespread in woody bamboos, but loss of the 
rachilla extension occurs independently in at least three PWB groups: the core 
Bambusinae, the OWB, and Nastus elegantissimus (App. A, Char. 32; App. B, 
Char. 32) (Holttum 1955b; Phillips 1995; Dransfield 1996, 1998a). 
The ancestral characteristics of the bamboo flower based on this analysis 
are inferred to consist of three lodicules, three stamens with free filaments, a 
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pubescent ovary with an elongated and hollow style, a narrow ovary apex 
continuous with the style base, and two stigmas.  The number of lodicules is 
variable in the PWB, while NWB, TWB, and herbaceous bamboos have three 
lodicules (App. A, Char. 30; App. B, Char. 30) (McClure 1973; Calderón and 
Soderstrom 1980; Young and Judd 1992; Veldkamp 1997; Ruiz-Sanchez et al. 
2011).  Although most PWB also have three lodicules, lodicules are absent in 
some taxa, one species (Melocanna baccifera) has two, or sometimes there are 
up to seven in Ochlandra stridula (Soderstrom and Ellis 1988; Dransfield 1992, 
1994, 1996, 1998a, 1998b; Dransfield and Widjaja 1995; Wong 2005).  Despite 
the fact that two lodicules are usually found in most grasses (Campbell et al. 
1986; Saarela et al. 2003) and also defined as the basal number of lodicules in 
Bambusoideae (Kellogg and Campbell 1987), three lodicules is here inferred to 
be the ancestral feature of Bambusoideae (Soderstrom 1981b; Soderstrom and 
Ellis, 1987; Stebbins, 1987; Wong 1995).  Furthermore, lodicule shape also is an 
interesting character for evolutionary examination of bamboo morphology 
(Soderstrom and Ellis 1987), but we did not study this character in this analysis 
because our materials are inadequate.  The number of glumes is also an 
ambiguous trait for the PWB classification (App. A, Char. 31; App. B, Char. 31) 
because it is flexible from zero in (Schizostachyum) to six (Hickelia 
madagascariensis, Perrierbambus madagascariensis, and genus Nastus) 
(Holttum 1955b; McClure 1966; Dransfield 1992, 1994; Dransfield and Widjaja 
1995; Clark et al. 2007).   
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Soderstrom (1981b) proposed that three stigmas is an ancestral feature of 
woody bamboos, but the plastid and nuclear optimizations both suggest that two 
stigmas is plesiomorphic for Bambusoideae and that three stigmas may be a 
local synapomorphy for the PWB (App. A, Char. 37; App. B, Char. 37).  Two 
stigmas is found in the Bistigmatic clade, which includes all but the two earliest 
diverging lineages in the family so it is not surprising that this is plesiomorphic for 
bamboos (Campbell 1985; Campbell et al. 1986; GPWG 2001; Saarela et al. 
2003).  An interesting feature for PWB classification is the number of stamens 
because most PWB have six stamens except for four stamens in Mullerochloa 
moreheadiana and twenty-seven stamens in Ochlandra stridula (Soderstrom and 
Ellis 1988; Dransfield 1983, 1992, 1994, 1997, 1998a, 1998b, 2002a; Dransfield 
and Widjaja 1995; Wong 1995, 2005); other bamboo clades, on the other hand, 
have three stamens except for six stamens in Guadua (App. A, Char. 38; App. B, 
Char. 38) (McClure 1973; Calderón and Soderstrom 1980; Young and Judd 
1992; Ruiz-Sanchez et al. 2011).  Additionally, this analysis verifies proposals by 
Holttum (1958) and BPG (2012) that a glabrous ovary with an elongated and 
hollow style is a unique combination for Melocanninae (App. A, Char. 33, 35, 36; 
App. B, Char. 33, 35, 36).  Filament fusion is the derived state conforming to 
Wong (1995), but this character state is uninformative for PWB classification 
because it occurs in each lineage of the PWB and also Buergersiochloa 
bambusoides (App. A, Char. 39; App. B, Char. 39) (Soderstrom and Ellis 1988; 
Dransfield and Widjaja 1995; Phillips 1995; Veldkamp 1997; Wong 2005).  
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Bamboo fruits can be categorized into three types: basic, bacoid, and 
nucoid fruits (Holttum 1956; McClure 1966; Wong 1995; Yang et al., 2008).  
There are two arguments of fruit evolution: (1) the fleshy fruit (bacoid) is the 
ancestral fruit type of woody bamboos (Holttum 1956; Wong 1995); and (2) the 
basic caryopsis is the ancestral fruit type of woody bamboos (Tzvelev 1976; 
Soderstrom 1981a; Yang et al. 2008).  Our results support the second hypothesis 
because the basic caryopsis is shown to be a plesiomorphic on both the plastid 
and nuclear optimizations (App. A, Char. 40; App. B, Char. 40).  Indeed, the 
fleshy bamboo fruit frequently evolved in bamboo growing in the tropics with high 
moisture and their germination does not depend on the season, but most 
bamboos and grasses have dormant seed in the dry season and germinate at 
the beginning of the rainy season (Soderstrom 1981a; Yang et al. 2008).  The 
fruit types, although, are not useful to the broader PWB classification since all 
three fruit types diffuse through all lineages of the PWB (App. A, Char. 40; App. 
B, Char. 40); however, they are perhaps useful in distinguishing genera within 
some lineages (McClure 1966; Yang et al. 2008). 
Not all characters are valuable for the PWB classification.   Eight of the 40 
morphological characters when mapped on the plastid and nuclear topologies 
show potential informative patterns with respect to the PWB or its included 
lineages as the results of the above mentioned analyses (Figs. 6, 7).  These 
characters are growth habit, nodal line position, culm branching pattern, girdle 
surface, inflorescence type, ovary pubescence, ovary apex, and number of 
stamens.  They could be informative characters to classify the PWB or included 
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lineages because (1) most of CDMNPS and Racemobambos + Asian Nastus are 
clambering; (2) Madagascan Hickeliinae have a dipping nodal line position, while 
most species in other subtribes have horizontal nodal line position; (3) most PWB 
have intravaginal branching, but Hickeliinae does not have this branching 
pattern; (4) girdle of CDMNPS clade presents a wrinkled surface, whereas the 
others don’t; (5) the indeterminate inflorescence could be a derived feature for 
Melocanninae and CDMNPS + Bambusinae; (6) the glabrous ovary can be found 
in all Melocanninae species; (7) the Racemobambos + Asian Nastus group 
present a blunt ovary apex with hood; and (8) all PWB have six (or more) 
stamens. 
 
Synapomorphic characters of woody bamboos and PWB 
No unique feature of the tropical bamboo clade emerges based on the 
plastid optimizations, but the presence of culm leaves and an outer ligule on the 
foliage leaf support the woody bamboo clade based on the nuclear dataset.  The 
TWB can be diagnosed from other clades of bamboos by monopodial rhizomes 
with short necks and slender internodes corresponding to BPG (2012).  Six 
stamens are a potential synapomorphy of the PWB.  Single character state 
changes are not available to diagnose each lineage of the PWB, thus 
combinations of two or more character states, while not necessarily representing 
synapomorphies, are more reliable.  Within the PWB, a glabrous ovary and 
narrow ovary apex with an elongated and hollow style diagnose the 
Melocanninae as reported by Holttum (1958) and BPG (2012).  The extravaginal 
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or infravaginal branching with a dipping nodal line could identify the Hickeliinae.  
The CDMNPS present a clambering habit and the wrinkled and prominent girdle 
(Wong 2005; Goh et al. 2013), the Temburongia clade exhibits a blunt ovary 
apex and hood absent with moderate style length, and Racemobambosinae + 
non-Madagascan Nastus have the blunt ovary apex and the style base forming 
an expanded cap (hood) on the top with style length less than 0.1 mm. 
 
Summary and future work 
The ancestral states of many characters of bamboos are inferred from 
optimization on phylogenetic trees derived from both plastid and nuclear 
datasets.  The ancestral states for all Bambusoideae are the pachymorph culm 
bases (sympodial rhizome) with short necks and thick internodes, aerial 
branching presence, horizontal nodal line without patella, inconspicuous 
supranodal ridge, triangular primary bud shape and one prominent bud per mid-
culm node, presence of secondary branch development, intravaginal culm 
branching, abaxial green strip absence, auricle presence on the foliage leaf, flat 
shape of the leaf blade keel, midrib projecting both abaxially and adaxially, even 
or bulliform cells slightly lower than the adaxial epidermis, determinate 
inflorescences without prophylls, gemmiparous bracts, and subtending bracts, 
presence of a rachilla extension, three lodicules, one or two glumes, glabrous 
ovary with an elongated and hollow style, a narrow ovary apex continuous with 
the style base, two stigmas, three stamens, free filaments, and a basic caryopsis.  
The plesiomorphic character states of woody bamboos are erect with a 
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pendulous tip, presence of culm leaves, smooth girdle with poor development, 
and outer ligule presence.  The general features of Bambuseae are erect culm 
leaf blade orientation, auricle absence from the culm leaf, and presence of 
subtending bracts in the inflorescence.  The ancestral state of the PWB is six 
stamens.  Furthermore, the monophyly of CDMNPS is presented in the plastid 
and nuclear topologies and supported with the unique morphological feature; our 
results suggest that the CDMNPS bamboos could be established as a separate 
clade according to Goh et al. (2010, 2013). 
 Molecular and morphological taxonomy still has a critical role to play in the 
PWB classification because unique characters for subtribe Hickeliinae and core 
Bambusinae remain unidentified.  Increasing the number of sampled taxa and 
molecular markers, especially nuclear markers, could provide additional 
resolution within the three main lineages and possibly help to resolve the 
incongruence between plastid and nuclear markers.  Since some species are 
insufficiently collected or described, elucidation of morphological evolution, 
especially for such characters as rhizome neck, pachymorph rhizome 
morphology, style core, and fruit type, might be fulfilled with more complete 
information.  Some morphological and anatomical features that are not examined 
in this study might be the potential characters to improve the classification and 
evolution of the PWB in the future, such as fruit dispersal (Soderstrom, 1985), 
vascular bundle anatomy (Wen, 1985), lodicule shape, ovary placentation 
(Soderstrom and Ellis 1987; Wong 1995), and chromosome number (BPG, 
2012). 
167 
 
ACKNOWLEDGMENTS 
 We are grateful to Dr. Khoon Meng Wong for the information regarding 
Mullerochloa moreheadiana.  We would like to thank the United States National 
Hebarium (US), for a loan of type specimen material.  This research received 
funding from the U.S. National Science Foundation under Grant DEB-0515712 
and the Harry and Audrey Finch Scholarship, Iowa State University. 
 
LITERATURE CITED 
Avdulov NP (1931) Karyosystematic studies in the grass family.  Bulletin of  
Applied Botany, Genetics and Plant Breeding (Supplement) 44:1-352 
 
Bouhenak-Khelladi Y, Salamin N, Savolainen V, Forest F, Bank M, Chase MW,  
Hodkinson TR (2008) Large multi-gene phylogenetic trees of the grasses 
(Poaceae): progress towards complete tribal and generic level sampling.  
Mol Phylogenet Evol 47:488-505 
 
Bouchenak-Khelladi Y, Verboom A, Savolainen V, Hodkinson TR (2010)  
Biogeography of the grasses (Poaceae): a phylogenetic approach to 
reveal evolutionary history in geographical space and geological time.  Bot 
J Linn Soc 162:543-557 
 
BPG (Bamboo Phylogeny Group) (2012) An updated tribal and subtribal  
classification of the bamboos (Poaceae: Bambusoideae).  J Am Bamboo 
Soc 24:1-10 
 
Calderón CE, Soderstrom TR (1980) The genera of Bambusoideae (Poaceae) of  
the American continent: keys and comments.  Simthsonian Contr Bot 
44:1-27 
 
Campbell CS (1985) The subfamilies and tribes of Gramineae (Poaceae) in the  
 southeastern United States.  J Arnold Arbor 66(2):123-199 
 
Campbell CS, Garwood PE, Specht LP (1986) Bambusoid affinities of the north  
temperate genus Brachyelytrum (Gramineae).  Bull Torrey Bot Club 
113:135-141 
 
Clark LG (1985) Three new species of Chusquea (Gramineae: Bambusoideae).   
Ann Missouri Bot Gard 72:864-873 
168 
 
Clark LG (1989) Systematics of Chusquea section Swallenochloa, section  
Verticillatae, section Serpentes, and section Longifoliae (Poaceae: 
Bambusoideae). Syst Bot Monogr 27:1-127 
 
Clark LG (1997) Diversity, biogeography and evolution of Chusquea.  In:  
Chapman GP (ed) The bamboos.  Academic Press, London, pp 33-44 
 
Clark LG, Dransfield S, Trilett J, Sánchez-Ken JG (2007) Phylogenetic  
relationships among the one-flowered, determinate genera of Bambuseae 
(Poaceae: Bambusoideae).  Aliso 23:315-332 
 
Clark LG, Fisher JB (1987) Vegetative morphology of grasses: shoots and roots.   
In: Soderstrom TR, Hilu KW, Campbell CS, Barkworth ME (eds) Grass 
systematics and evolution.  Smithsonian Institution Press, Washington 
DC, pp. 37-45 
 
Clark LG, Zhang W, Wendel JF (1995) A phylogeny of the grass family  
(Poaceae) based on ndhF sequence data.  Syst Bot 20:436-460 
 
Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, 
new heuristics and parallel computing.  Nat Methods 9:772 
 
Degnan JH, Rosenberg NA (2009) Gene tree discordance, phylogenetic 
inference and the multispecies coalescent.  Trends Ecol Evol 24:332-340 
 
Degtjareva GV, Valiejo-Roman CM, Samigullin TH, Guara-Requena M, Sokoloff 
DD (2012) Phylogenetics of Anthyllis (Leguminosae: Papilionoideae: 
Loteae): Partial incongruence between nuclear and plastid markers, a long 
branch problem and implications for morphological evolution.  Mol 
Phylogenet Evol 62:693-707 
 
Doyle JJ (1992) Gene trees and species tress: molecular systematics as one-
character taxonomy.  Syst Bot 17:144-163 
 
Dransfield S (1981) The genus Dinochloa (Gramineae-Bambusoideae) in Sabah.   
Kew Bull 36:613-633 
 
Dransfield S (1983) The genus Racemobambos (Gramineae--Bambusoideae).   
Kew Bull 37:661-679 
 
Dransfield S (1992) The bamboos of Sabah.  Sabah Forest Rec 14:1-94 
 
Dransfield S (1994) The genus Hickelia (Gramineae: Bambusoideae).  Kew Bull  
49:429-443 
 
Dransfield S (1996) New species of Dinoachloa (Gramineae-Bambusoideae) in  
169 
 
Malesia and noted on the genus.  Kew Bull 51:103-117 
 
Dransfield S (1997) Notes on the genus Decaryochloa (Graminae- 
Bambusoideae) from Madagascar.  Kew Bull 52:593-600 
 
Dransfield S (1998a) A new genus of bamboo (Gramineae-Bambusoideae) from  
the Philippines.  Kew Bull 53:857-873 
 
Dransfield S (1998b) Valiha and Cathariostachys, two new bamboo genera  
(Gramineae-Bambusoideae) form Madagascar.  Kew Bull 53:375-397 
 
Dransfield S (2002a) A new bamboo genus from Madagascar (Poaceae- 
Bambusoideae).  Kew Bull 57:963-970 
 
Dransfield S (2002b) Greslania circinata and Greslania rivularis (Poaceae- 
Bambusoideae) from New Caledonia.  J Amer Bamboo Soc 16:1-8 
 
Dransfield S, Widjaja EA (1995) Plant resources of South-East Asia No. 7:  
 Bamboos.  Backhuys Publishers, Leiden 
 
Dransfield S, Wong KM (1996) Temburongia, a new genus of bamboo  
(Gramineae: Bambusoidae) from Brunei.  Sandakania 7:49-58 
 
Farris JS, Källersjö M, Kluge AG, Bult C (1995a) Constructing a significance lest  
for incongruence.  Syst Biol 44:570-572 
 
Farris JS, Källersjö M, Kluge AG, Bult C (1995b) Testing significance of  
incongruence.  Cladistics 10:315-319 
 
Fisher AE, Triplett JK, Ho CS, Schiller AD, Oltrogge KA, Schroder ES, Kelchner  
SA, Clark LG (2009) Paraphyly in the bamboo subtribe Chusqueinae 
(Poaceae: Bambusoideae) and a revised infrageneric classification for 
Chusquea.  Syst Bot 34:673-683 
 
Goh WL, Chandran S, Franklin DC, Isagi Y, Koshy KC, Sungkaew S, Yang HQ, 
Xia NH, Wong KM (2013) Multi-gene region phylogenetic analyses 
suggest reticulate evolution and a clade of Australian origin among 
paleotropical woody bamboos (Poaceae: Bambusoideae: Bambuseae).  
Plant Syst. Evol.  299:239-257 
 
Goh WL, Chandran S, Lin RS, Xia NH, Wong KM (2010) Phylogenetic 
relationships among Southeast Asian climbing bamboos (Poaceae: 
Bambusoideae) and the Bambusa complex.  Biochem Syst Ecol 38:764-
773 
 
GPWG (Grass Phylogeny Working Group) (2001) Phylogeny and subfamilial  
170 
 
classification of the grasses (Poaceae).  Ann Missouri Bot Gard 88:373- 
457 
 
GPWG II (Grass Phylogeny Working Group) (2012) New grass phylogeny  
resolves deep evolutionary relationships and discovers C4 origins.  New 
Phytologist 193:304-312 dot: 10.1111/j.1469-8137.2011.03972.x 
 
Grosser D, Liese W (1973) Present status and problems of bamboo  
classification.  Journal of the Arnold Arboretum 54:293-308 
 
Guindon S, Gascuel O (2003) A simple, fast and accurate method to estimate  
large phylogenies by maimum-likelihood.  Syst Biol 52:696-704 
 
Hilu KW (2004) Phylogenetics and chromosomal evolution in the Poaceae  
(grasses).  Aust J Bot 52:13-22 
 
Holttum RE (1955a) Growth-habits of monocotyledons—variations on a theme.   
 Phytomorphology 5:399-413 
 
Holttum RE (1955b) The bamboo-genera Nastus and Chloothamnus.  Kew Bull  
10:591-594 
 
Holttum RE (1956) The Classification of bamboos.  Phytomorphology 6:73-90 
 
Holttum RE (1958) The bamboos of the Malay Peninsula.  Gard Bull Sing 16: 
1-135 
 
Holttum RE (1967) The bamboos of New Guinea.  Kew Bull 21:263-292 
 
Huelsenbeck JP, Nielsen R, Bollback JP (2003) Stochastic mapping of  
morphological characters.  Syst Biol 52:131-158 
 
Huelsenbeck JP, Rannala B (2004) Frequentist properties of Bayesian posterior  
probabilities of phylogenetic trees under simple and complex substitution 
models. Syst Biol 53:904-9013 
 
Judziewicz EJ, Clark LG (2007) Classification and biogeography of new world  
grasses: Anomochlooideae, Pharoideae, Ehrhartoideae, and 
Bambusoideae.  Aliso 23:303-314 
 
Judziewicz EJ, Clark LG, Londoño X, Stern MJ (1999) American bamboos.   
Smithsonian  Institution Press.  Washington, DC 
 
Kelchner SA, Bamboo Phylogeny Group (2013) Higher level phylogenetic  
relationships within the bamboos (Poaceae: Bambusoideae) based on five 
plastid markers.  Mol Phylogenet Evol 67:404-413 
171 
 
Kelchner SA, Clark LG (1997) Molecular evolution and phylogenetic utility of the  
rpl16 intron in Chusquea and the Bambusoideae (Poaceae).  Mol 
Phylogenet Evol 8:385-397 
 
Kellogg EA and Campbell CS (1987) Phylogenetic analyses of the Gramineae.   
In: Soderstrom TR, Hilu K, Campbell C, Barkworth M (eds) Grass 
systematics and evolution.  Proceeding of the international symposium on 
grass systematics and evolution, Washington, D.C., 27-31 July 1986.  
Smithsonian institution Press, Washington DC, pp 310-322 
 
Kellogg EA and Watson L (1993) Phylogenetic studies of a large data set. I.  
Bambusoideae, Andropogonodae, and Pooideae (Graminae).  Bot Rev 
59:273-343 
 
Larpkern P, Moe SR, Totland Ø (2009) The effects of environmental variables  
and human disturbance on woody species richness and diversity in a 
bamboo-deciduous forest in northeastern Thailand.  Ecol Res 24:147-156 
 
Larpkern P, Moe SR, Totland Ø (2011) Bamboo dominance reduces tree  
regeneration in a disturbed tropical forest.  Oecologia 165:161-168 
 
Li DZ (1997) The Flora of China Bambusoideae project: problems and current  
understanding of bamboo taxonomy in China.  In: Chapman GP (ed) The 
bamboos. Linnean Society of London Symposium Series.  Academic 
Press, London, pp 61-81 
 
Li DZ (1999) Taxonomy and biogeography of the Bambuseae (Gramineae:  
Bambusoideae).  In: Rao AN, Rao VR (eds) Bamboo – conservation, 
diversity, ecogeography, germplasm, resource utilization and taxonomy.  
Serdang, Malaysia: IPGRI_APO, pp 14-23 
 
Maddison DR, Maddison WP (2005) MacClade 4: Analysis of phylogeny and  
character evolution.  Version 4.08a.  http://macclade.org.  
 
Maddison WP (1997) Gene trees in species trees.  Syst Biol 46:523-536 
 
Maddison WP, Knowles LL (2006) Inferring phylogeny despite incomplete  
lineage sorting.  Syst Biol 55:21-30 
 
Marod D, Kutintara U, Yarwudhi C, Tanaka H, Nakashisuka T (1999) Structural  
dynamics of a natural mixed deciduous forest in western Thailand.  J Veg 
Sci 10:777-786 
 
McClure FA (1934) The inflorescence in Schizostachyum Nees. J Wash Acad Sci  
24:541-548 
 
172 
 
McClure FA (1957) Bamboos of the genus Phyllostachys under cultivation in the  
United States.  Agric Handb 114:1-69 
 
McClure FA (1966) The bamboos: A fresh perspective.  Harvard University  
Press, Cambridge, pp 1-347 
 
McClure FA (1973) Genera of the bamboos native to the new world (Gramineae:  
 Bambusoideae).  Smithsonian Contr Bot 9:1-148 
 
Munro W (1868) A monograph of the Bambusaceae, including descriptions of all  
 the species.  Trans Linn Soc Lond 26: 1-157 
 
Ohrnberger D (1999) The Bamboos of the World: annotated nomenclature and  
literature of the species and the higher and lower taxa.  Elsevier Science, 
Amsterdam 
 
Phillips S (1995) Poaceae (Gramineae).  In: Hedberg I, Edwards S (eds.) Flora of  
Ethiopia and Eritrea, Vol. 7. The National Herbarium, Addis Ababa 
University, Addis Ababa & Uppsala, pp 3-7 
 
Raven PH (1975) The bases of Angiosperm phylogeny: cytology.  Ann Missouri  
Bot Gard 62:724-764 
 
Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phylogenetic inference  
 under mixed models. Bioinformatics 19:1572-1574 
 
Ronquist F, Huelsenbeck JP, Van der Mark P (2005) MrBayes 3.1 Manual.   
Available at: http://mrbayes.csit.fsu.edu/manual.php 
 
Ruiz-Sanchez E, Sosa V, Mejía-Saules T, Londoño X, Clark LG (2011) A  
taxonomic revision of Otatea (Poaceae: Bambusoideae: Bambuseae) 
including four new species.  Syst Bot 36:314-336 
 
Saarela JM, Peterson PM, Soreng RJ, Chapman RE (2003) A taxonomic revision  
of the eastern north American and eastern Asian disjunct genus 
Brachyelytrum (Poaceae): Evidence from morphology, phytogeography 
and AFLPs.  Syst Bot 28:674-692 
 
Silverstro D, Michalak I (2012) RAxML GUI: a graphical front-end for RAxML.   
Org Diver Evol 12:335-337 DOI:10.1007/s13127-011-0056-0 
 
Soderstrom TR (1981a) Olmeca, a new genus of Mexican bamboos with fleshy  
fruits.  Amer J Bot 68:1361-1373 
 
Soderstrom TR (1981b) Some evolutionary trends in the Bambusoideae  
(Poaceae).  Ann Missouri Bot Gard 68:15-47 
173 
 
Soderstrom TR (1985) Bamboo systematics: yesterday, today and tomorrow.  J  
Amer Bamboo Soc 6:4-16 
 
Soderstrom TR, Ellis RP (1987) The position of bamboo genera and allies in a  
system of grass classification.  In: Soderstrom TR, Hilu K, Campbell C, 
Barkworth M (eds) Grass systematics and evolution.  Smithsonian 
institution, Washington DC, pp 225-238 
 
Soderstrom TR, Ellis RP (1988) The woody bamboos (Poaceae: Bambuseae) of  
Sri Lanka: a morphological-anatomical study.  Smithsonian Contr Bot 
72:1-75 
 
Soderstrom TR, Zuloaga FO (1989) A revision of the genus Olyra and the new  
segregate genus Parodiolyra (Poaceae: Bambusoideae: Olyreae).  
Smithsonian Contr Bot 69:1-79 
 
Stapleton CMA (1997) The morphology of woody bamboos.  In: Chapman GP  
(ed), The bamboos.  Academic Press, London, pp 251-267 
 
Stapleton CMA (1998) Form and function in the bamboo rhizome.  J Amer  
Bamboo Soc 12:21-29 
 
Stebbins GL (1982) Major trends of evolution in the Poaceae and their possible  
significance.  In: Estes JR, Tyrl RJ, Brunken JN (eds) Grasses and 
grasslands: systematics and ecology.  University of Oklahoma Press, 
Norman, pp 3-36 
 
Stebbins GL (1987) Grass systematics and evolution: past, present and future.  
In: Soderstrom TR, Hilu K, Campbell C, Barkworth M (eds) Grass 
systematics and evolution.  Smithsonian institution, Washington DC, pp 
359-367 
 
Sungkaew S, Stapleton CMA, Salamin N, Hodkinson TR (2009) Non-monophyly  
of the woody bamboos (Bambuseae; Poaceae): a multi-gene region 
phylogenetic analysis of Bambusoideae s.s.  J Plant Res 122:95-108 
 
Swofford DL (2002) PAUP*. Phylogenetic analysis using parsimony, ver. 4.0 beta  
10.  Sinauer Associates, Sunderland 
 
Takahashi M, Furusawa H, Limtong P, Sunanthapongsuk V, Marod D, Panuthai  
S (2007) Soil nutrient status after bamboo flowering and death in a 
seasonal tropical forest in western Thailand.  Ecol. Res. 22:160-164 
 
Tripathi SK, Singh KP (1995) Litter dynamics of recently harvested and mature  
bamboo savannas in a dry tropical region in India.  Journal of tropical 
ecology 11:403-417 
174 
 
Triplett JK and Clark LG (2010) Phylogeny of the temperate bamboos (Poaceae:  
Bambusoideae: Bambuseae) with an emphasis on Arundinaria and allies.  
Syst Bot 35:102-120 
 
Tzvelev NN (1976) Zlaki SSSR. Nauka, Leningrad [St. Petersburg], Russia, pp  
1–60 
 
Tzvelev NN (1989) The system of grasses (Poaceae) and their evolution.  Bot  
Rev 55: 150-160 
 
Veldkamp JF (1997) The herbaceous bamboos in Malesia.  In: Chapman GP  
(ed) The bamboos.  Academic Press, London, pp 147-160 
 
Wen T-H (1985) Some ideas about the origin of bamboos.  J Amer Bamboo Soc  
6:104-111 
 
Wendel JF, Doyle JJ (1998) Phylogenetic incongruence: window into genome  
history and molecular evolution.  In: Soltis D, Soltis P, Doyle J (eds.). 
Molecular Systematics of Plants II: DNA Sequencing.  Kluwer Academy 
Publications, Boston, pp 265-296 
 
White DG, Childers NF (1945) Bamboo for controlling soil erosion.  J Am Soc  
Agron  37:839-847 
 
Widjaja EA (1997) New taxa in Indonesian bamboos.  Reinwardtia 11:57-152 
 
Wong KM (1986) The growth habits of Malayan bamboos.  Kew Bull 41:703-720 
 
Wong KM (1989) Current and potential uses of bamboo in Peninsular Malaysia.   
J Am Bamboo Soc 7:1-15 
 
Wong KM (1993) Four new genera of bamboos (Gramineae: Bambusoideae)  
from Malesia.  Kew Bull 48:517-532 
 
Wong KM (1995) The morphology, anatomy, biology and classification of  
Peninsular Malaysian Bamboos.  University of Malaya botanical 
monographs No. 1.  University of Malaya, Kuala Lumpur 
 
Wong KM (2005) Mullerochloa, a new genus of bamboo (Poaceae:  
Bambusoideae) from north-east Australia and notes on the circumscription 
of Bambusa.  Blumea 50:425-441 
 
Yang HQ, Yang JB, Peng ZH, Gao J, Yang YM, Peng S, Li DZ (2008) A  
molecular phylogenetic and fruit evolutionary analysis of the major groups 
of the paelotropical woody bamboos (Gramineae: Bambusoideae) based 
on nuclear ITS, GBSSI gene and plastid tenL-F DNA sequences.  Mol 
175 
 
Phylogenet Evol 48:809-824 
 
Young SM, Judd WS (1992) Systematics of the Guadua angustifolia complex  
(Poaceae: Bambusoideae).  Ann Missouri Bot Gard 79:737-769 
 
Yu WB, Huang PH, Li DZ, Wang H (2013) Incongruence between nuclear and  
chloroplast DNA phylogenies in Pedicularis Section Cyathophora 
(Orobanchaceae).  PLoS ONE 8: e74828. 
doi:10.1371/journal.pone.0074828 
 
Zhang WP, Clark LG (2000) Phylogeny and classification of the Bambusoideae  
(Poaceae).  In: Jacobs SWL, Everett J (eds.). Grass: systematics and 
evolution.  CSIRO, Collingwood, pp 35-42   
 
Zhang YX, Zeng CX, Li DZ (2012) Complex evolution in Arundinarieae (Poaceae:  
Bambusoideae): Incongruence between plastid and nuclear GBSSI gene 
phylogenies.  Mol Phylogenet Evol 63:777-797 
 
Zhou BZ, Fu MY, Xie JZ, Yang XZ, Li ZC (2005) Ecological functions of bamboo  
forest: research and application.  J For Res 16:143-147 
 
 
 
 
 
 
 
 
 
 
 
 
 
176 
 
B
ra
 e
re
c
tu
m
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
O
c
h
 s
tr
id
u
la
D
a
v
 a
tt
e
n
u
a
ta
P
s
e
 p
o
ly
m
o
rp
h
u
m
M
e
l 
b
a
c
c
if
e
ra
N
e
o
 m
e
k
o
n
g
e
n
s
is
C
e
p
 p
e
rg
ra
c
il
e
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
N
a
s
 b
o
rb
o
n
ic
u
s
N
a
s
 e
lo
n
g
a
tu
s
D
e
c
 d
ia
d
e
lp
h
a
P
e
r 
m
a
d
a
g
a
s
c
a
ri
e
n
s
is
S
ir
 p
a
rv
if
o
li
a
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
R
a
c
 h
e
p
b
u
rn
ii
N
a
s
 e
le
g
a
n
ti
s
s
im
u
s
N
a
s
 p
ro
d
u
c
tu
s
G
re
 r
iv
u
la
ri
s
S
p
h
 h
ir
s
u
ta
M
u
l 
m
o
rh
e
a
d
ia
n
a
C
y
r 
lu
z
o
n
ic
a
D
in
 s
c
a
n
d
e
n
s
D
in
 m
a
la
y
a
n
a
P
a
r 
k
a
in
i
N
e
o
 a
tr
a
T
e
m
 s
im
p
le
x
T
e
m
 l
il
ia
n
a
H
o
l 
m
a
g
ic
a
K
in
 n
e
b
u
lo
s
a
P
s
e
 m
o
n
a
d
e
lp
h
a
S
o
e
 r
id
le
y
i
B
a
m
 b
a
m
b
o
s
G
ig
 a
lb
o
c
il
ia
ta
M
a
c
 m
o
n
ta
n
a
D
e
n
 s
tr
ic
tu
s
G
ig
 a
p
u
s
G
ig
 a
tt
e
r
M
e
l 
c
o
m
p
a
c
ti
fl
o
ru
s
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
O
x
y
 a
b
y
s
s
in
ic
a
T
h
y
 s
ia
m
e
n
s
is
B
a
m
 v
u
lg
a
ri
s
Rhizome neck
unordered
0
1
equivocal
B
ra
 e
re
c
tu
m
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
O
c
h
 s
tr
id
u
la
D
a
v
 a
tt
e
n
u
a
ta
P
s
e
 p
o
ly
m
o
rp
h
u
m
M
e
l 
b
a
c
c
if
e
ra
N
e
o
 m
e
k
o
n
g
e
n
s
is
C
e
p
 p
e
rg
ra
c
il
e
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
N
a
s
 b
o
rb
o
n
ic
u
s
N
a
s
 e
lo
n
g
a
tu
s
D
e
c
 d
ia
d
e
lp
h
a
P
e
r 
m
a
d
a
g
a
s
c
a
ri
e
n
s
is
S
ir
 p
a
rv
if
o
li
a
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
R
a
c
 h
e
p
b
u
rn
ii
N
a
s
 e
le
g
a
n
ti
s
s
im
u
s
N
a
s
 p
ro
d
u
c
tu
s
G
re
 r
iv
u
la
ri
s
S
p
h
 h
ir
s
u
ta
M
u
l 
m
o
rh
e
a
d
ia
n
a
C
y
r 
lu
z
o
n
ic
a
D
in
 s
c
a
n
d
e
n
s
D
in
 m
a
la
y
a
n
a
P
a
r 
k
a
in
i
N
e
o
 a
tr
a
T
e
m
 s
im
p
le
x
T
e
m
 l
il
ia
n
a
H
o
l 
m
a
g
ic
a
K
in
 n
e
b
u
lo
s
a
P
s
e
 m
o
n
a
d
e
lp
h
a
S
o
e
 r
id
le
y
i
B
a
m
 b
a
m
b
o
s
G
ig
 a
lb
o
c
il
ia
ta
M
a
c
 m
o
n
ta
n
a
D
e
n
 s
tr
ic
tu
s
G
ig
 a
p
u
s
G
ig
 a
tt
e
r
M
e
l 
c
o
m
p
a
c
ti
fl
o
ru
s
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
O
x
y
 a
b
y
s
s
in
ic
a
T
h
y
 s
ia
m
e
n
s
is
B
a
m
 v
u
lg
a
ri
s
T rue rh izome presence
unordered
0
1
polymorphic
APPENDIX A 
Morphological evolution mapped on the plastid phylogeney using six 
cpDNA m rkers: the description f character state nu bers s listed in T ble 3. 
Character 1 True rhizome (monopodial rhizome) presence 
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 Character 2 Pachymorph rhizome neck patterns 
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Character 3 Pachymorph rhizome morphology 
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Character 7 Nod l line dia eter 
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Character 8 Supranodal ridge 
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Character 9 Primary bud shape 
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Character 10 Primary buds per mid-culm node 
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Charact r 11 Relative sizes of secondary branches developing from the central 
primary axis 
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Character 12 Secondary branch development 
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Character 13 Culm branching pattern 
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Character 14 Culm leaves 
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Character 15 Girdle development 
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Character 16 Girdle surface 
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Character 17 Culm leaf bla e orientation 
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Character 18 Auricles at culm leaf sheath 
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Character 27 One or more gemmiparous bracts subtending the spikelet proper 
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Character 28 Subtending bract at the base of the axis bearing the spikelet or 
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Character 32 Rachilla extension 
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Character 39 Filame t pattern 
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Character 40 Fruit type 
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APPENDIX B 
Morphological evolution mapped on the nuclear phylogeney using three 
low-copy nDNA m rkers: the description of character state numbers as listed in 
Table 3. 
Character 1 True rhizome (monopodial rhizome) presence 
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Character 2 Pachymorph rhizome neck patterns 
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Character 3 Pachymorph rhizome morphology 
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Character 4 Growth habit 
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Character 5 Aerial branching 
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B
ra
 e
re
c
tu
m
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
M
e
l 
b
a
c
c
if
e
ra
P
s
e
 p
o
ly
m
o
rp
h
u
m
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
R
a
c
 h
e
p
b
u
rn
ii
N
e
o
 a
tr
a
P
a
r 
k
a
in
i
T
e
m
 s
im
p
le
x
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
G
ig
 a
tt
e
r
O
x
y
 a
b
y
s
s
in
ic
a
B
a
m
 v
u
lg
a
ri
s
Nodal l ine pos ition
unordered
0
1
2
 
Character 7 Nodal line diameter 
B
ra
 e
re
c
tu
m
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
M
e
l 
b
a
c
c
if
e
ra
P
s
e
 p
o
ly
m
o
rp
h
u
m
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
R
a
c
 h
e
p
b
u
rn
ii
N
e
o
 a
tr
a
P
a
r 
k
a
in
i
T
e
m
 s
im
p
le
x
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
G
ig
 a
tt
e
r
O
x
y
 a
b
y
s
s
in
ic
a
B
a
m
 v
u
lg
a
ri
s
Nodal l ine diameter
unordered
0
1
 
Character 8 Supranodal ridge 
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Character 9 Primary bud shape 
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Character 10 Primary buds per mid-culm node 
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Character 11 Relative sizes of secondary branches developing from the central 
primary axis 
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Character 12 Secondary branch development 
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Character 17 Culm leaf blade orientation 
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Character 18 Auricles at culm leaf sheath 
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Character 22 Auricle development at foliage leaf 
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Character 23 Shape of keeled leaf blade 
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Character 24 Projecting midrib presence 
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Character 25 Bulliform cell groups 
B
ra
 e
re
c
tu
m
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
M
e
l 
b
a
c
c
if
e
ra
P
s
e
 p
o
ly
m
o
rp
h
u
m
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
R
a
c
 h
e
p
b
u
rn
ii
N
e
o
 a
tr
a
P
a
r 
k
a
in
i
T
e
m
 s
im
p
le
x
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
G
ig
 a
tt
e
r
O
x
y
 a
b
y
s
s
in
ic
a
B
a
m
 v
u
lg
a
ri
s
Bul li form c el l groups
unordered
0
1
equivocal
 
Character 26 Inflorescence type 
B
ra
 e
re
c
tu
m
B
u
e
 b
a
m
b
u
s
o
id
e
s
O
ly
 l
a
ti
fo
li
a
A
ru
 g
ig
a
n
te
a
P
h
y
 b
a
m
b
u
s
o
id
e
s
G
u
a
 a
n
g
u
s
ti
fo
li
a
O
ta
 a
c
u
m
in
a
ta
R
h
i 
h
a
rm
o
n
ic
u
m
A
u
l 
q
u
e
k
o
C
h
u
 s
c
a
n
d
e
n
s
C
h
u
 s
p
e
c
ta
b
il
is
H
ic
 m
a
d
a
g
a
s
c
a
ri
e
n
s
is
C
a
t 
c
a
p
it
a
ta
V
a
l 
d
if
fu
s
a
M
e
l 
b
a
c
c
if
e
ra
P
s
e
 p
o
ly
m
o
rp
h
u
m
S
c
h
 b
lu
m
e
i
S
c
h
 c
a
u
d
a
tu
m
R
a
c
 h
e
p
b
u
rn
ii
N
e
o
 a
tr
a
P
a
r 
k
a
in
i
T
e
m
 s
im
p
le
x
D
e
n
 a
s
p
e
r
D
e
n
 l
a
ti
fl
o
ru
s
G
ig
 a
tt
e
r
O
x
y
 a
b
y
s
s
in
ic
a
B
a
m
 v
u
lg
a
ri
s
inflorescence type
unordered
0
1
equivocal
 
Character 27 One or more gemmiparous bracts subtending the spikelet proper 
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Character 32 Rachilla extension presence 
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CHAPTER 5 
GENERAL CONCLUSIONS 
 
This dissertation focuses on the phylogenetic relationships of and within 
the paleotropical woody bamboos (PWB), which consist of 407 published species 
in 47 published genera and are widely distributed in the Old World in Africa, 
South-East Asia, Southern China, Southern Japan, Australia, New Caledonia, 
India, Sri Lanka, and Madagascar [Ohrnberger, 1999; Bamboo Phylogeny Group 
(BPG), 2012].  These bamboos play economically and ecologically critical roles 
as food, construction materials, musical instruments, agricultural tools, nutrient 
cycling, soil erosion, etc. (White and Childers, 1945; McClure, 1966; Dransfield 
and Widjaja, 1995; Tripathi and Singh, 1995; Marod et al., 1999; Yang et al., 
2004; Zhou et al., 2005; Takahashi et al., 2007; Larpkern et al., 2009, 2011).  
There are four currently recognized subtribes in the PWB clade: Bambusinae, 
Hickeliinae, Melocanninae, and Racemobambosinae.  Monophyly of the PWB is 
recovered in prior phylogenetic analyses based on molecular sequence data 
(Sungkaew et al., 2009; Kelchner et al., 2013), but relationships among the 
subtribes have remained unresolved because of incomplete taxon and marker 
sampling. 
 Systematic relationships of the PWB are revealed in this study based on 
analyses of six chloroplast and three low-copy nuclear markers, as well as critical 
examination of morphological characters.  These investigations clarify some 
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phylogenetic relationships and aspects of morphological evolution of the PWB.  
The results indicate that: 
 (1) Based on analysis of six chloroplast markers, relationships among the 
three major tribes of Bambusoideae support Arundinarieae as sister to a 
Bambuseae + Olyreae (tropical bamboos).  Within Bambuseae, the Neotropical 
woody bamboo (NWB) clade, which is moderately supported, is sister to the 
PWB with high support.  The PWB form a monophyletic group with high support 
and a robustly monophyletic Melocanninae is sister to the rest of the PWB.  
Madagascan Hickeliinae also form a monophyletic group, which is sister to the 
remaining PWB.  Non-Madagascan Nastus are resolved as sister to the 
Racemobambosinae, well outside of subtribe Hickeliinae.  The CDMNPS 
(Cyrtochloa-Dinochloa-Mullerochloa-Neololeba-Parabambusa-Pinga-
Sphaerobambos) form a monophyletic group and are sister to Racemobambos + 
non-Madagascan Nastus.  Temburongia simplex and Fimbribambusa horsfieldii 
form a clade with high support from Maximum Likelihood (ML) and Bayesian 
Inference (BI) analyses, but receive no MP bootstrap support (MPBS).  The core 
Bambusinae still consists of a large polytomy. 
 (2) Based on analysis of three low copy nuclear markers, Bambuseae and 
Arundinarieae form a woody bamboo clade that is sister to Olyreae.  Within 
Bambuseae, the NWB form a clade with high support that is sister to the 
monophyletic PWB.  Relationships among the subtribes of the PWB are 
recovered as a polytomy with each subtribe forming a monophyletic group.  The 
CDMNPS clade remains as sister to the Racemobambosinae.  Moreover, the 
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genomic components of Bambusoideae are confirmed to contain one genome 
(H) in the Olyreae, two genomes in the Arundinarieae (genomes A and B) and 
NWB (genomes C and D), and three genomes (C, D, and E) in the PWB. 
 (3) Forty morphological or anatomical characters chosen for their 
presumed utility as synapomorphies in bamboos, especially the PWB, or their 
presumed importance in the ecological success of the PWB were mapped on the 
individual plastid and nuclear topologies.  The results suggest that a potential 
synapomorphy of the PWB is six stamens.  A glabrous, narrow ovary with 
elongated and hollow style is suggested as unique characters of Melocanninae, 
as are the presence of extravaginal or infravaginal branching with a dipping nodal 
line for Hickeliinae.  The CDMNPS clade presents a clambering habit with a 
wrinkled and prominent girdle, the Temburongia clade shows a blunt ovary apex 
without hood and moderate style length, and Racemobambosinae + non-
Madagascan Nastus have a blunt ovary apex forming a hood on the top with 
style length less than 0.1 mm. 
 (4) Asian and South-East Asian species of Nastus should be moved from 
Nastus into the formerly recognized genus Chloothamnus (Holttum, 1955; Clark 
et al., 2007) and transferred to subtribe Racemobambosinae.   
 (5) The monophyly of the CDMNPS clade is supported in the plastid and 
nuclear topologies and also supported with the unique morphological feature (the 
prominent and wrinkled girdle).  Our results suggest that these Oceanic woody 
bamboos could be established as a subtribe distinct from Bambusinae, in 
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accordance with Goh et al. (2010, 2013).  Additionally, Greslania should also 
separate into a new lineage within the PWB clade. 
  
FUTURE DIRECTIONS 
 The incongruence between the plastid and nuclear results needs to be 
studied in more detail through more complete taxon sampling and more nuclear 
markers.  More morphological characters remain to be studied, especially to seek 
a synapomorphy of the core Bambusinae.  Moreover, whole plastome sequences 
and karyotypic study could be the new sources of data to elucidate the 
phylogenetic relationships of the PWB. 
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